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WINNERS OF LENIN PRIZES 


Translated from Atomnaya Energiya, V olsts; NO.o, Ppat-Ll, 


May, 1960 


The Committee of the Council of Ministers of the 
USSR for the Lenin prizes in the field of Science and 
Technology has assigned the prizes for 1960 to the fol- 
lowing scientists for their scientific research on the physics 
of fast-neutron nuclear reactors: Academician (Academy 
of Sciences of the UkrSSR) A. I. Leipunskii, Drs, of Phys. 
and Math. Sci., O. D. Kazachkovskii and I, I, Bondarenko, 
and Cand. of Phys. Math. Sci., L. N. Usachev. 

Nuclear reactors working with fast neutrons occupy 
a special place in nuclear energetics, Back in 1949, 

A. I, Leipunskii calculated that in such reactors one could 
realize an extensive production of nuclear fuel. Conse- 
quently, the use of energy reactors working with fast 
neutrons, together with the use of energy reactors working 
with thermal neutrons, would allow complete use of ex- 
tracted uranium, which is equivalent to increasing by a 
factor 100 the fuel resources of nuclear power engineering. 

The main difficulty in the practical realization of 
a chain reaction in a reactor consisted in the fact that 
many problems of the physics of such reactors were still 
unsolved, There appeared no publication concerning fast 
reactors in the foreign literature until 1955. Therefore, 

a school of specialists was formed and developed indepen- 
dently in the Soviet Union in the physics of fast-neutron 
reactors. This school was headed by A. I. Leipunskii, 

O. D. Kazachkovskii, I. I. Bondarenko, and L. N. Usachev. 

Under their guidance the problems of the physics 
of fast-neutron reactors were studied on a theoretical basis, 
experiments for establishing the constants necessary for 
calculation were carried out, the foundations of the theory 
were elaborated, and practical work for building fast- 
neutron reactors was started, 

Subsequently, critical assemblies and fast-neutron 
reactors were constructed (BR-1, BR-2, BR-3, BR-4, and 
BR- 5), The construction of each new apparatus was a 
logical continuation and generalization of experience 
accumulated, and a development of the theory and prac- 
tice of reactors working with fast neutrons. 

The last apparatus of this series—BR-5, started in the 
summer of 1958—has all the main characteristics of an 
atomic electric power plant, and is a prototype of the 
future powerful atomic plants with fast-neutron reactors, 

The Lenin prize for the construction of the complex 
of research water- water reactors VVR-2, VVR-S, and ITR 
was assigned to the scientists S. M. Feinberg, V. V. 
Goncharov, G. A. Stolyarov, T. N. Zubarev, P. I. Khris- 
tenko, V. F. Kozlov, and O. I, Lyubimtsev. 


The construction of research reactors is the basis for 
the use of atomic energy. Perhaps there has been no 
development of its use that has not taken place as a direct 
or indirect result of work on research reactors. The obtain- 
ment of radioactive isotopes, the radiation treatment and 
testing of materials, the study of the physical problems 
of high-power reactors, the testing of thermoemitting 
elements for nuclear power plants and transport atomic 
equipment under construction or in project, the testing 
of components, joints and materials for high power reactors, 


A. I, Leipunskii O. L. Kazachkovskii 
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investigations in neutron physics, biology and medicine 
investigations concerning the radiation of supply products, 
radiation polymerization, and many other problems are 
solved with the help of research reactors. 

Our industry produces at present in mass research 
water-water reactors of the types VVR-2, VVR-S, and 
ITR. Some scientific research institutes of the Soviet 
Union and of foreign countries are equipped with them. 

The compactness, the low cost, thereliability of 
operation,and the wide possibilities for experimental re- 
search are the main advantages of the water-water re- 
actors whose construction is recognized by the Lenin prize. 


S. M, Feinberg 


V. V. Goncharov 


The first of these reactors—VVR-2—was constructed 
when the world literature included no publication con- 
cerning such reactors, Nevertheless, the group of special- 
ists solved successfully all the problems concerning the 
construction and the physics of the reactor, its regulation, 
its operational stability, etc. 

The construction of the complex of research water- 
water reactors is a great achievement in the field of the 
use of atomic energy for peaceful purposes. The vast 
development of experimental work on such reactors that 
exists at present permits a wider use of atomic energy in 
the national economies of the USSR and other countries. 


G, A, Stolyarov 


T. N. Zubarev 


P. I. Khristenko 
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V. F. Kozlov O. I. Lyubimtsev 


DETERMINATION OF THE MEAN NUMBER OF 
SECONDARY FISSION NEUTRONS FROM 


THE FRAGMENT MASS DISTRIBUTION 


Yu. A. Zysin, A, A. Lhbov, and L. I. Sel'chenkov 
Translated from Atomnaya Energiya, Vol. 8, No. 5, pp. 409-412, 


May, 1960 
Original article submitted ee 8, 1959 


A method is presented for computing the mean number of secondary fission neutrons V from the fission- fragment 
mass distribution curves. The error of the method is estimated, It is shown that in those cases in which the frag- 
ment mass distribution curves are carefully studied ,V can be determined with satisfactory accuracy by this meth- 


ieecae 6) 233 


od. The value of V is computed for fission in T 


ou, Un Pus) Am”! jand cf”, The results are dis- 


cussed and compared with results obtained by other methods The partial values Vy, are computed for thermal- 


neutron fission of U? and ue: 


At the present time the mass distribution of fission 
fragments has been studied in many cases of fission in 
heavy nuclei [1—11], In some cases the accuracy and 
completeness of the experimental data are adequate for 
computing the mean number of secondary fission neutrons 
UV with satisfactory results, Although the quantity 7 has 
been measured very precisely by indirect methods [12— 
14], this calculation is of great interest since it allows us 
to determine the values of V by an independent method. 
Furthermore, this technique allows us to obtain the value 
of V for those cases in which it has not been determined 
by other methods, Finally, in principle,using the fission- 
fragment mass distribution curves it should be possible to 
compute the partial values of Vj, i.e. the mean number 
of fission neutrons corresponding to a given ratio for the 
mass numbers of the heavy % and light fragments (Aj, ; ADs 

Attempts to estimate V from the fission-fragment 
mass distribution curves have been carried out earlier 
[8—10, 15]; however, these estimates were extremely ap- 
proximate, In the present paper, for the first time,the 
possibilities of this method are investigated in detail, the 
errors involved are studied, and calculations of V are 
carried out for cases in which the error is shown to be 
small. 

In the general case 


v= A,— 24, (1) 


where Ay is the mass number of the fissioning nucleus 
and A is the mean mass number of all fragments, where 


— 1 ; 
As >: a, Ay/ 2a, 
ment and a, is the fragment yield), It is well known that 


> a, = 2. In practice, however, it is not convenient to 
l 


A, is the mass number of the frag- 


use Eq. (1) to determine V because of the appreciable 
errors involved, The error in the determination of V is 
found to be much smaller if another expression is used: 
v= A, — (Ayt Ap): (2) 

which takes account of the fact that two fragments are 
formed as a result of fission -- the light and heavy frag- 
ments, which are characterized by the mass numbers 
Ay and Ay respectively. This formulation of the problem 
is valid in all cases of fission in which the original nucleus 
is not highly excited since ternary fission and cases in 
which protons and alpha particles are emitted can ob- 
viously be neglected. 

The quantities Ay and A,, can be determined by 
averaging the masses of the light and heavy fragments, 
respectively, using the expressions 


Dra 
AL = Ta = 


From the definition of yields it is obvious that a; and 

oy, summed separately over the light and heavy frag- 
ments should be equal to unity, Because of the inaccuracy 
in the experimental determination of the individual yields, 
however, these quantities are found to be only approxi- 
mately equal to unity; hence, in computing V from Eq. 

(2) it is important to introduce two normalization condi- 


. ‘ | ees “\ eee Ey, 
tions: S) a; = 1 and S) a, = 4. 
Rk 


yi Apap 
k 
3 ar 
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and Ay= 


L : 

We now consider the mean-square-error AV and its 
dependence on the uncertainty in the experimentally 
determined quantities ©, From the expression for the 
determination of the error inv due tothe 7th term and 
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Comparison of the Calculated and Measured Values of 7 


1 


oh ee Determination of » by the present Determination of vy by 
= emission 
‘2 3 |which ac- f method _other methods 
8 = |companies perey, ioe | ny 9 Se referencd 
4 3 | fission Ao Ay | Ay v* v" 
a 
U233_| Neutrons Thermal 234 | 93,3+0,4 | 138,2+0,1 2,5+0,2 | 2,52+0,03 [12,13] 
235 . : 236 | 94,8+0,1 | 138,8--0,4 | 2,4-£0,2 | 2,470,038 [12,13] 
Pu2s9 c g 240°} 98,5--0,2°| 139,0-£0,1 2,9+0,3 | 2,92+0,04 [12,13] 
Am241 Reactor spec- | 242 401-0,3 | 138,3-+0,3 2,7+0,6 |3,44+0,05 [14] 
trum 
Thesz |" Fission spec- | 233 | 91,4-40,1 | 139,8+0,3 | 1,8+0,4 1,8** 12) 
tum 
AA3e i The same 236 | 95,6-+0,2 | 138,44+0,3] 2,0+0,5 |2,50-0,06**** | [12,13] 
lue3e “ z 239 | 97,3+0,4 | 188,94+0,4 | 2,840,2 |2,65+0,07*****| [12,13] 
[pe8e 14 Mev 236 | 96,3-+0,2 | 135,5+0,2 | 4,240,4 | 4,13-40,24 [12,13] 
Wess Ms 14 Mev 239 | 97,0--0,3 | 137,0-£0,4 5,0-+0,6 | 4,50-+-0,32 (A275 43)| 
L288 y rays 8—10 Mev | 238] 96,6-£0,1 | 138,7-L0,3 2,7+0,4 — = 
W258 5 16 Mev 238) 197, 452054) 8137, 9=-053 3,4+0,4 —- — 
Wiese ; 48 Mev ete | Boer | dlsvi Za Or rs) 4,3+0,5 — — 
Cf? |Spontaneous — 202 | 106,3+0,3 | 140,9+0,3 | 4,8+0,6 |3,84+0,12 [13] 
fission 


Lue uncertainty in V is determined by the sum of the uncertainties for Ay and A The actual un- 
certainty in V is smaller, 

**We give the experimental values of obtained by other methods,which are averaged over many 
measurements, Hence, the uncertainty is appreciably smaller than the experimental uncertainties in the 
in the individual methods, 

*** This is obtained by direct extrapolation by the values of V ;=2.3540.07 for En=3.5 Mev and V,= 
=4,64+ 0,20 for E,=14,2 Mev. 

**** For an effective energy of 0.7-0.74 Mev. 
*****For an energy of 1.5 Mev. 


| 
JHE ie Doer 5) | cory 


10 1,4 2,0 m= Ae bf me 2,0 24k 

A, Oe 
Bigs ds poitial values V1, for thermal- Fig. 2, Partial values v,, for thermal- 
neutron fission of U2", neutron fission of p75. 


from the corresponding normalization conditions, it can 
be shown that when Eq. (1) is used 


Av=+eV > 0R(4— 4): (3) 
l 


while when Eq. (2) is used 


Nv rere VO Gr Anny > ai (Ay A,)*, 4 


where €=Ac/o is the relative uncertainty in the deter- 
mination of & (for simplicity we assume that € is the 
same in all cases). 

In the case of thermal-neutron fission of Wea com- 
puting Vv from Eq. (1) we find AD = 1.3; comput- 
ing this same quantity from (2) we find AD@4 0.15 
(in both cases we assume that |e] ~ 0.05). Thus, when 
Eq. (2) is used the accuracy oi the calculation is an order 
of magnitude better than the accuracy attained with Eq. 
CD); 

The accuracy depends strongly on the asymmetry in 
the fission-fragment mass distribution curve, which is 
determined by the depth of the valley. If the mass num- 
ber Ay; (characterized by the yield a,;). intermediate be- 
tween the numbers of light and heavy fragments, refers 
to the heavy fragment rather than the light fragment, or 
vice versa, an additional error AyP=\Ay- At) (with 
an accuracy to second order) occurs. As an example 
we estimate AD for fission of U*® by thermal neutrons 


(the asymmetry is well defined, a, x10) and 
for fission by neutrons with energies of 14 Mev (in which 
case the asymmetry is weaker, , ~10*). Taking (Aj;— 
—A. ~40, inthe first case we have Avy =~ 0.004; in the 


second case Av ,~0.4, Thus for fission by 14-Mev neutrons 


the quantity AV; can make a sizeable contribution in the 
final uncertainty, 

Since the error in the determination of U by the 
method described here depends on the uncertainty in the 
yield determination, it is extremely important that the 
yields (absolute or relative) o; and o, be known for the 
greatest possible number of mass numbers A; and Ax. 
Interpolation of the fragment mass distribution curve for 
A with unknown values of & increases the error, For this 
reason the calculations reported here were limited to 
those cases in which the fragment mass distribution curves 
were known rather completely and characterized by well- 
defined asymmetries, In this work we have used data 
published up to January, 1959 [1-11]. It should be noted 
that experimental refinement of the fission-fragment mass 
distribution curves will make it possible to compute V 
for many other cases of interest in the future, For the 
cases which have been studied,refinement of the distri- 
bution curves will make it possible to increase the ac- 
curacy in the determination of 7 , In certain cases (for 
example, for Ue (7 ,J), [2]) appropriate distributions have 
not been studied with the necessary detail; however, by 
using “reflected” points and a successive approximation 


technique it is possible to carry out the necessary calcula- 
tions. It should be noted, however, that in this case it is 
necessary to take account of the variation of the partial 
value values ee as a function of the type of fission which 
is involved, 


The results of the calculations of V by the method 
reported here are given in the Table, For comparison 
purposes, we also show values of v determined experi- 
mentally by indirect methods. As is apparent from the 
Table, in the majority of cases the values of V computed 
by the present method are in satisfactory agreement with 
the values determined by other methods, 

It may be indicated that the data for V for fission of 
us by y rays with energies of 8-10, 16,and 48 Mev are 
new. In all cases the uncertainty in the determination of 
Ay and A,, are obtained from the spread in the results of 
the calculations by different versions of the mass distribu- 
tion curves; these curves in turn are obtained by different 
methods and are affected by the spread in the experimen- 
tal points and the individual uncertainties, 


The fission-fragment mass distribution curves also 
allow us to compute the partial values 7, =Ay(Ay + 
+A) 3 the massnumbers A,, and A_, are coupled, i. e. 
characterized by the same yield a,, (Ay /Ar =m). Rela- 
tion between V and ee is expressed by the formula 


f ya ven 

ap ee en (5) 
Dd} % 
m 


The difference Ay Ayy+ Ay )ry Will determine the 
partial numbers of secondary neutrons for a given pair of 
mass numbers A,, and A_ under the following conditions: 
1) the mass distribution curve is measured very carefully, 
2) Oy is a sensitive function of A, 3) there is no fine 
structure in the mass distribution curve, 4) the curve it- 
self is monotonic in the region considered, and 5) us, 
and the distribution of probability for emission of one, 
two, three,etc, neutrons are weak functions of A. 


The calculation of UV ,, was carried out only for fission 
of 0 and by thermal neutrons, for which there are 
experimental yield values for almost all the mass numbers. 
It will be apparent that this method of determining ees 
is not accurate in the region 1.3< m< 1.7. The curves 
that have been obtained (Figs. 1 and 2) are similar in 
shape to the analogous curves obtained for u*? by another 
method [16]. The maximum value of Vin is obtained for 
values m~1.5, In both cases there is a characteristic 
sharp reduction inV__ for fission into fragments of ap- 
proximately equal mass. If we consider the emission of 
secondary neutrons to be the result of excitation of frag- 
ments, which are not spherical in shape [17], it may be 
assumed that the fragments in symmetric fission are more 
spherical than the fragments due to asymmetric fission. 
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The article considers the effect of the irradiation by fast neutrons and of a subsequent heat-treatment on the 
properties of some metallic materials. The change of the properties of materials upon irradiation is explained 
in terms of the formation of various types of defects on the crystal lattice, which are annealed at appropriate 
temperatures, The kinetics of the defect elimination processes leading to a strengthening of the material is 


studied, and their activation energy is determined. 


It is well known that under the action of nuclear 
particles, especially of fast neutrons, significant changes 
take place in the physical and mechanical properties of 
various materials, The extent of these changes depends 
principally upon the particle energy, the integral dose, 
and the temperature of irradiation. 

The change of mechanical properties of metallic 
materials under the action of heavy nuclear particles 
has some similarity with the strengthening produced by 
cold deformations, The cause of the property change in 
both cases could be looked for in the appearance of 
disturbances of the regularity of the crystal structure of 
the materials and defects of the lattice. On the other 
hand, some experimental data show an essential differ- 
ence between the changes produced in a material by 
nuclear particles and those produced by a cold plastic 
deformations [1-3]. One can suppose that the disturbances 
arising under the action of nuclear particles are a com- 
plicated phenomenon: additional experimental and 
theoretical investigations are required before they can 
be explained. 

The present paper reports an investigation of the 
effect of fast neutrons on the structure and properties of 
iron, nickel, molybdenum, and some steels, whose 
chemical composition is given by Table 1. 

Samples of the materials mentioned above were 
irradiated in the active zone of an experimental BR-2 
reactor [4] after an appropriate heat-treatment in 
special hermetically welded tubes of 1Kh18N9T steel. 
The average integral dose was 1.8°10” fast neutrons per 
1 cm’, and the irradiation temperature was 40-70°C, 

The properties of the materials studied, before and 
after irradiation, are presented in Table 2, The data of 
the table show that asa result of irradiation by fast 
neutrons, the strength, hardness, and electric resistance 
increased, and the relative lengthening decreased, The 
degree of property change depended upon the nature of 


TABLE 1, Chemical composition of some steels 


Contents of principal elements, % 


exec Mido Cc Cr Ni Mo Ti 

| 
1Kh18N9 0,141 16,011 .9)5 | eal eees 
1Kh18N9T 0,41) 46,71 °9)2 |= == 10,6 
1Kh18N12 0,09] 16,6 | 12,0 2 
1Kh18N12M2T | 0,10| 17,2] 12,4] 2,1] 0,5 
1Kh18N17 4,42) 46-4 46/91) ede 


the irradiated material: a more or less complex composi- 
tion of a steel due to alloying with various elements did 
not seem to have any important effect on the magnitude 
of the change in question, The greatest change was ob- 
served for molybdenum (its relative lengthening decreased 
by a factor more than 10, its electric resistivity had a 
33% increase); this may have depended upon the high 
annealing temperature and upon the high elastic con+ 
stants of molybdenum, 

With the purpose of studying the temperature sta- 
bility of radiation defects and establishing the tempera- 
ture of complete regression of the properties, the irradia- 
ted samples were subjected to annealing at various temp- 
eratures for 30 min, After each treatment the micro- 
hardness and (in some instances) the electric resistance 
of the samples were determined. The results of the micro- 
hardness measurements are given in Figs, 1 and 2, 

The data presented in Figs. 1 and 2 show that: 1) as 
a result of heating at appropriate temperatures a com- 
plete elimination of the increase in microhardr ess took 
place; 2) the increase in microhardness upon heat- 
treatment took place in a temperature range higher for 
materials with body-centered cubic lattices (iron, moly- 
bdenum) than for materials with face-centered cubic 
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lattices (nickel, austenite steels); 3) the temperature of 
complete annealing depended upon the melting temper- 
ature of a material: ceteris paribus (e. g. for identical 
crystal lattices) this temperature was higher for a higher 
melting temperature; 4) alloying with various elements, and 
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Fig. 2, Increase in microhardness of irradia - 
ted steels vs, annealing temperature; ®, steel 
1Kh18N9; O, steel 1Kh18N12; x, steel 
1Kh18N12M2T, 
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the regression of electric resistance of irradiated molyb- 
denum took place continuously in a wide temperature 
range, and was complete at a temperature of 700°C; the 
behavior of the curve representing the changes inelectric 
resistance vs. annealing temperature is sharply different 
from that of the analogous curve for microhardness, This 
suggests that the radiation defects leading to a change in 
the electric resistance were of a nature much different 
from that of defects leading to a strengthening of the 
metal, 

On the basis of the data reported in Fig. 1 we chose 
some temperatures at which the kinetics of the micro- 
hardness restoration process in iron were studied; the ki- 
netic data served also for the determination of the activa- 
tion energy. 

The curves representing the microhardness decrease 
for irradiated iron in relation to the duration of perma- 
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Fig. 3, Change of specific electric resistance of ir- 
radiated (x) and nonirradiated samples (©) of molyb- 
denum vs, annealing temperature, 


N 
i=) 


a 60 383°C 
(e) N 
B57? (A 369°C 
w x ° 
dies Lae 

Dn x 
oO oO x x oat x 
ae ee 347°C 
= E 30 aga — x 
3 op eee "323 °C 
Gofiges! 
oo & 


105 


Time, sec 


Fig. 4. Decrease of the microhardness of an irradiated 
sample vs. time of permanence at various annealing 


temperatures. 


ence at various temperatures are reported in Fig. 4, The 
figure shows that an increase in the isothermal annealing 
temperature changed the character of the kinetic curves. 
Consequently, the defects due to irradiation and leading 
to a strengthening of the metal were apparently of 
different types and had different degrees of stability. 
Thus, the curves for temperatures of 363 and 383°C have 
horizontal parts: this is evidently a result of the fact that 
two different processes with different activation energies 
took place, Therefore, one can suppose that at the begin- 
ning of heating, defects of two types, having activation 
energies Q, and Q,,respectively, were present in an irradia- 
ted sample. 

If such was the case, the microhardness of an irradia- 
ted sample could be described by means of the following 
equation; 


HT ivy (0) = A, +H’ =H, + AC +4,C;3, (1) 


where Hy is the microhardness of the sample before ir- 
radiation; G! and o are the concentrations of first and 
second type defects before and after irradiation (T =0); 
A; and A, are proportionality factors, 

As a result of annealing at a temperature T during 
a time T, the microhardness of a sample would be 


Higy (x) = Hy + AsO, (t)+4,CQ(t), (2) 


where C, and Cy are the concentrations of first and sec- 
ond type defects at the time T, 

On the basis of the data relating to the study of the 
annealing of irradiated molybdenum, we think that the 
defects observed in the crystal lattice were not Frenkel 


type defects, but defects of another type. Therefore, we 


shall suppose that the change of the number of defects 
with time upon annealing obey the following equations; 


dC, Ci 

oe ae ; 38 
at 1 (T) (9) 
LEE aaah, ie (4) 
at Y2(T) ’ 


where y ,(T) and y,(T) are the average times in which 
the disappearance of first and second type defects took 
place, respectively, at a temperature T. 

The solutions of these equations are 


Tv 
C,=C%e WT) ; (5) 
Tt 


Cy = Ce WT) (6) 


The magnitude of the microhardness decrease of an 
irradiated sample subjected to annealing for a time T is 


Ate F iny (t=0) — Hixy (%) — A, C= Cr) 
korea sip 
Using formulas (5) and (6), we find that 


v 4% 
AH = A,C8(1—e WH) 4 A,C8(1—e BH): (1 


349 


iG 


Fig. 5, Schematic dependence of the change 
of microhardness of an irradiated metal from 
the duration of heating at a temperature T. 


If the activation energy Q, is appreciably different 
from the energy Qs, and e. g., Q)> Q;, then the depen- 
dence of the microhardness upon the time of annealing 
will have the form shown in Fig. 5. 

A comparison of the theoretical curve (Fig. 5) with 
the experimental curve (Fig. 4) shows that for tempera- 
tures of 323 and 347°C and heatings of 6 hr, only first 
type defects were annealed. These defects were elimina- 
ted partially after heating for 6 hr at 323°C, and dis- 
appeared almost completely at 347°C (the value of the 
decrease in microhardness reached the level of the hori- 
zontal part of the curve), At 363 and 383°C both types 
of defects were annealed (the curves have a horizontal 
part); those of the second type were annealed only in 
part, Heating for 6 hr at 383°C was still insufficient to 
cause the appearance of the second horizontal part of 
the curve AH=f(T) and, consequently, to eliminate 
completely the defects of the second type. 

Let us consider short times, when T <<y; (T). Since 
Q,> Q;, in this case we find,approximately, 


AN pe A Co ee 8 
( yr eas a OM, (8) 
Using this equation, and assuming that y ; (T) = 

we U/RT we get for these times 
(AH) 7, e@/RTe 
(9) 


(AH)7, e@/RT: * 


From (9) we can conclude that the logarithm of the 
microhardness decrease AH is a linear function of 1/T 
for the times under consideration, 

Figure 6 shows the dependence of the decrease in 
microhardness of irradiated iron for T=1.5 min upon the 
reciprocal of the temperature (semilogarithmic scale). It 
can be seen from it that the experimental points lie well 
on the straight line, From the angle of the straight line 
with the axis of the abscissa we find the activation energy, 
which is 16,500 cal/mole. 

The quantity Q, is close to the activation energy 
for the elimination of second order deformations in an 
iron wire (15,000 cal/mole) deformed by 95% [5], In 
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Fig. 6, Temperature of the micro- 
hardness decrease of irradiated iron. 


addition, the process of first-type-defect annealing (be- 
ginning of the decrease of microhardness of irradiated 
iron, see Fig, 1) begins at the same temperature as the 
elimination of second order deformations upon annealing 
of cold deformed iron [6], Therefore, we can suppose 
that this process is related to the elimination of defects 
of the type of second order deformations, and, therefore, 
hasn't the character of a diffusion process, Were it a 
diffusion process, it would begin at a temperature mark- 
edly dependent upon the degree of alloying of the ma- 
terial. Experiment shows that, on the contrary, this temper- 
ature remains almost the same when the alloying is 
changed, and depends principally upon the crystal struc- 
ture and the melting temperature of the material. Thus, 
iron and nickel have very similar properties, and differ 
only by their crystal structure. Iron has a body-centered 
cubic lattice. and the temperature at which it starts 
annealing is ~ 270°C. Nickelhas a face-centered cubic 
lattice, and the temperature at which annealing begins 
is ~ 430°C, It must be noted that a significant decrease 
of second order deformations in cold deformed nickel 
also starts at ~ 430°C [6]. The steels we investigated had 
a face-centered cubic lattice, roughly the same melt- 
ing temperature, and, notwithstanding the difference in 
composition, also an identical temperature of beginning 
of annealing (~ 430°), 

Let us now consider times when y ;(T) «“T «y,(T). 
In this case Eq. (7) gives 


(AH); = A,C) + A,C% (10) 


ew 
ye (T) * 
Therefore, the decrease in microhardness of an irradiated 
sample upon annealing at the expense of the elimina- 
tion of only second type defects (all first type defects 


having already been suppressed for the times under consi- 
deration) is equal to 


(AH*)p = (AH)p — A.C? = A,C83—. (11) 
Ye (T’) 
Assuming that y »(T) ae 4 we find 
(AH*)7, — ¢2/RT2 ae 


(AH*)r, p02/RTi * 


This relation allows us to determine the activation 
energy of second type defects, Using the data for temper- 
ature T,=636°K and T,=656°K with T=360 min, reported 
in Fig. 4, we find for Q, the value 28,700 cal/mole. 

Thus, the activation energy of the process of anneal- 
ing of second type defects is appreciably higher than Q,, 
and roughly two times lower than the activation energy 
of spontaneous diffusion in iron, 

Consequently, we must conclude that the elimina- 
tion of second type defects proceeds without diffusion. 
This is proved also by the fact that the temperature of 
the process is practically independent of the degree of 
alloying. 

An x-ray investigation shows the presence, in ir- 
radiated iron, of defects in the form of third order de- 
formations, It has been suggested [6] that the value of 
the activation energy for the elimination of third order 
defects must have a value intermediate between the 
value of the activation energy for the elimination of 
second order deformations and the value of the recrystal- 
lization activation energy (the latter is 45,000-55,000 
cal/mole in iron), Therefore, we think that the process 
observed by us with an activation energy of 28,700 cal/ 
/mole is related to the elimination of defects of the type 
of third order deformations. 

At present there are contradictory data [2,7] con- 
cerning the effect of a neutron field on the microstructure 
of some pure metals, in particular nickel and copper. 

We have carried out an investigation of iron (Fig. 7), 
nickel, and molybdenum microstructures, before and after 


irradiation, and after annealing of the irradiated samples. 
The investigation show that under the influence of a 
neutron field (at 40-70°C) and as a result of a subsequent 
heat-treatment, no significant changes took place in 
the microstructures of the metals, 

The results and the discussion given above permit 
us to draw the following conclusions: 

1, As a result of irradiation of metallic materials 
by fast neutrons at 40-70°C, their mechanical properties 
and their electric resistances change due to the formation 
of various types of defects in the crystal lattice, 

2, The radiation defects leading to a strengthening 
of the materials have a nature essentially different from 
that of the defects producing an increase in the electric 
resistances ofthe materials: the former undergo annealing at 
much higher temperatures than the latter. The tempera- 
ture of annealing of these defects is independent of the 
degree of alloying. 

3, The strengthening of an irradiated sample of a 
metallic material is due to defects of the type of second 
order and third order deformations, which are annealed 
without the intervention of diffusion and have activation 
energies of 16,500 and 28,700 cal/mole, respectively. 

4, The strengthening upon irradiation and annealing 
of irradiated metals is not accompanied by a change of 
their microstructures. 

5, Irradiation by fast neutrons of austenite steels 
produces a change of the strength characteristics (limits 
of strength and hardness) remarkably independent of the 
degree of alloying: 

The authors express their gratitude to V. M. Agran- 
ovich for his useful participation in the discussion of the 
results of this work. 
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The procedure is described and the results of the determination of the vapor pressure of samples of high-percent- 
age tritium water (containing 83.4 and 98,1 mole % T,O) in the 12-95°C temperature range are given. To cal- 
culate the pressure of the gaseous products of the radiolysis of water and nuclear transformations the measure- 
ments were carried out by the static method at two different volumes of the apparatus. It was found that the boil- 
ing points of HTO and T,O are 100.8 and 101.6°C, the heats of vaporization at these temperatures are 9,9 and 
10.0 kcal/mole ,and the standard entropies are 19.3 and 19,0 units respectively. 


In the literature there are two brief reports on meas- 
urements of the vapor pressure of tritium water with alow 
T,O content. The results of the measurements are contra- 
dictory: in one case the boiling point of HTO was less 
than H,O [1], and in the other it was higher [2]. This arti< 
cle describes the procedure and results of measurements 
of the vapor pressure of two samples of high-percentage 
T,O in the 12-95°C temperature range. 


Measurement Method and Equipment 


The vapor pressure of T,O can be measured by the 
static method if the measurements are carried out at 
several (not less than two) different volumes of the appa- 
ratus, in spite of the fact that gaseous products, formed as 
a result of the radioactivity of tritium, are inevitably 
present above the T,O. Since a variation in the volume 
does not influence the pressure of the saturated vapor, the 


to pump 


Diagram of the apparatus for measuring the vapor 
pressure: 1) ampoule with sample; 2) opening device; 
3) zero reading manometer; 4) manometer; 5,6) 
buffer volumes; 7,9) thermostats; 10-18) taps; 19) 
compressor, 


total pressure of the mixture of vapor and gases can be 
subdivided into the individual components. In all prob- 
ability the concentration of hydrogen peroxide formed by 
the radiolysis of the sample is very low [3] and therefore 
has little influence on the measured vapor pressure. This 
measurement method was selected because it can be easily 
carried out for microamounts of the sample (not more than 
one drop) and does not require special safety measures. 

The measurements were carried out in a glass (ZS5K) 
apparatus that differed from ordinary apparatus for 
static measurements by the fact that its working volume 
could be modified (see fig. ). The null instrument was a 
differential mercury manometer 3. The volume was 
changed by altering the mercury level in the manometer 
3, By bringing the mercury meniscus into contact with the 
ends of glass needles sealed inside the manometer tube it 
was possible to reproduce two known volumes with an error 
of +0,005 cm*, Manometers 3 and 4 were made from tubes 
with an internal diameter of ~15 mm. 

The pressure was measured by cathetometers. The 
Measurement errors of pressures up to 200 mm Hg were 
0.03 mm, above 200 mm Hg they were 0.06 mm, 

Manometer 3 was thermostatically controlled separate- 
ly from the liquid sample at a temperature 5-10°C above 
the temperature of the sample, to avoid condensation of 
vapor on the walls of the manometer during variations in 
the volume, The temperature variations of the thermostat 
7 (see fig. ) were not more than +0.003°C, The tempera- 
ture was measured by mercury thermometers, graduated 
in 0,1°, with an accuracy of up to 0,01°. The thermometers 
were checked against standard platinum resistance thermo- 
meters under the experiemental conditions. 

The liquid samples (about 4 mM) were obtained by 
reacting cupric oxide, heated to 350°C, with tritium pur- 
ified by uranium, The reaction product was condensed 
directly in the measuring apparatus. The isotopic composi- 
tion of the initial tritium was determined by means of a 
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quartz gas balance,* The working principle of the balance 
and the method for the determinations are described in 
[4]. The use of mercury traps and electromagnetic values 
instead of trapsin the apparatus made it possible to avoid 
contact of the purified tritium and the sample (obtained) 
with organic grease, 

To determine the vapor pressure at a given tempera- 
ture, three pressure readings were taken; the first and last 
readings were taken at the volume of the gaseous phase 
V,, and the second at the volume V2. The pressure P, at 
the volume Vj, corresponding to the moment of the second 
reading, was found from the results of the first and last 
readings, taking the rate of accumulation of the gases be- 
tween these readings as constant, This value of P, and the 
result of the second reading P, correspond to the same 
amount of gas in the apparatus, but to the two values of the 
volume V, and V,, By employing the law of partial pres- 
sures P;=P,,+p, and P,=P,,+p, and the Mendeleev- Clapey- 
ton law 


Py (V, —V;) =(n —2) RT,; DW, = ¢RT,; 


Py Vg—V3) =(n—y) RT, PVs = yRT,, 


the vapor pressure of the sample was found by the follow- 
ing equation: 


4 
Py = a (PM — PV — APY, 
(1) 


where P., is the pressure of the saturated vapor of the 
sample; PB, and pz are the partial pressures of the gases in 
the mixture at V, and Vj; Vg is the part of the volume of 
the gaseous phase present in the thermostat 7; x and y are 
the amounts of gas in this volume; T, and T, are the — 
temperatures of thermostats 7 and 8,respectively (°K) (see 
fig. ); AP=Py-P»,and n is the number of moles of gas in 
the apparatus, The absolute values of V1, Vand Vs were 
determined with an error of ~10%, 

The following equations for the vapor pressure of 
H,O (mm Hg): 


UN sat hn 
Ty 


did ta) 
Ig P = 8,0341 Dae 
~, 17255 


where t is the temperature of the water(°C), were obtained 
by preliminary measurements of the vapor pressure of two 


samples of water prepared from cylinder hydrogen purified 
by uranium, 


The measurements were carried out in the presence 
of 3 and 13 UM of hydrogen, In four cases out of 30, the 
deviations of the experimental points from those calculated 
by the corresponding equation exceeded the maximum 
experimental error, Equations (2) and (3) give values of 
the vapor pressure of H,O, which differ from the data of 
[5] at 20°C by + 0,02 and+ 0,01 mm, and at 100°C by 
-0.6 and+ 1.2 mm, and a boiling point of 100.02 and 
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99,95°C, The values of the heats of vaporization of H,O 
in the 0-100°C range, calculated from equations (2) and 
(3), agree to 1% with the data of [5]. 


Results and Their Discussion 

Tables 1 and 2 give the results of measutements of 
the vapor pressure of two samples of tritium water with a 
total T,O content of 83,4 and 98,1 mole % (remainder 
H,0). 

The data obtained with the more concentrated sam- 
ple were evaluated after conversion to 100% T,O. When 
the results were studied the limits of indeterminacy of the 
experimental points were taken as equal to the maximum 
measurement errors indicated in Tables 1 and 2. In our 
opinion, the systematic errors due to the approximate 
nature of the laws used for the derivation of equation (1), 
the neglect of variations in the rate of accumulation of 
gases in the apparatus between the three pressure readings 
at a given temperature, the variation in the isotopic com- 
position of the samples and the presence of peroxide in 
them (only in the most unfavorable cases) could, in all, 
represent only one tenth of the measurement errors and 
were not taken into account, 

The data obtained can be represented by the equa- 
tions 
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= hb some ry. 
lg P = 8,0933 — 1-229 for 83,4% T,0; (4) 
lg P =7,9957 — ar for 100% T,0. (5) 


The constants of the equations were found by a graphi- 
cal method [6]. 

In experiments with 98.1% T,O (see Table 2), in 
seven cases the discrepancy between the experimental data 
and those calculated by means of equation (5) exceeds 
the limits of experimental error, Such,cases also occurred 
during "blank" measurements, It is probable that the in- 
dividual readings included in these measurements were 
taken under conditions differing appreciably from equili- 
brium conditions, In the presence of a varying amount of 
gases, when the volume of the apparatus must be kept 
constant, complete attainment of equilibrium in our apa- 
ratus is hardly possible because with a variation in the 
pressure the volume of the apparatus also varies; as a 
result of the adjustment of the volume, the processes of 
vaporization or condensation are accelerated, which causes 
concentration of gases in certain parts of the volume, i.e. 
to some extent a removal of the system from equilibrium, 
We can, therefore, speak only of approximate practical 
equivalence of the measured pressure to equilibrium. 

To avoid the accumulation of a large amount of gas 
in the apparatus and an increase in the measurement errors, 


“These measurements were carried out by M. D. Senin 
and Yu. M. Morozov, to whom the authors wish to express 
their sincere thanks, 


TABLE 1. Vapor Pressure of 83.4% T,O (volume of the apparatus: V,=3.886 cm, V.=10.652 cm®, V,=0.32 cm’) 


Expt. 
no, 


BS 


* 


COAIBURCONOE 


Rite 0) 


— 


19,99 
24,95 
30,00 
34,92 
39, 92 
45,04 
50,12 
50,12 
50,12 
55,02 
59,95 
65,02 
70,07 
75,09 
80,12 
85, 22 
90,32 
90,32 
95, 41 


ive) 


SCOOCCOCCORFRCOOSD 


SS Co SS Gp Ge Gree EN EVES ES TS NS 


OFFPCONFPRFPRPWNOOCOM 


(Sa 
co 


Pi, 
mm Hg 


40,70 
153,77 

57,65 
161,80 

83, 24 
400,84 
124,97 
126,54 
130,58 
156,50 
192,03 
294,07 
274, 60 
309, 50 
390, 47 
437,52 
553,39 
525,08 
633,06 


ay 


mm, Hg 


15,06 
21,06 
27,94 
37,06 
49,52 
64,90 
84, 66 
84,71 
84,69 
107,81 
136,44 
173,81 
217,42 
270, 60 
334,62 
412,39 
505,55 
505,53 
612,78 


maximum 
error, + mm 


0,16 
0,48 
0,20 
0,49 


Discrepancy | 
from Eq. (4), | 


* After experiment No. 15, mercury entered the area where the head of the electromagnetic value is 
located (see Fig. 1); as a result, the values of V, and V2 were reduced by 0.512 cm’, 


TABLE 2. Vapor Pressure of 98.1% T,O (volume of the apparatus: Vy=4.277 cm®, V2=11,043 cm’, V=0.40 cm?) 


jw 
COONCOHOR DY Ke 


iw) 


Pi, 
mm Hg 


He) Oh) 
27,86 
28,39 
BW) 5 S10) 
DOS 
70, 80 
139,03 
85,08 
hess) PAC) 
AUIAL ae) 
146 , 23 
138,41 
163,99 
168, 36 
each 
202,51 
205 , 66 
230,09 
246 , 27 
279,49 
300 , 49 
atatolyAAl 
Ode thy 
Boon Le 
444 31. 
437,36 
Ae ME 
029,43 
630,66 
681,40 
644,01 


Po, 


mm Hg 


41,52 
47,03 
19,77 
27,98 
36,44 
50,74 
83,66 
63,38 
90), 90 
86,92 
107, 47 
104,53 
128,05 
132,25 
148 86 
165,05 
182,63 
191,80 
224,02 
241,63 
278,98 
296,73 
340, 78 
352,36 
422,32 
420,63 
420, 60 
508 , 05 
608 , 44 
631,58 
619,03 


Pe 
| mm Hg 


One 
10,15 
14, 30 
20, 40 
26,81 
ails tehe) 
48,61 
49,63 
64,44 
lil 
82,89 
83,23 

109, 28 
109,37 
(lsVAe fra) 
141,30 
168,00 
167,54 
209, 89 
PANTE O38) 
265, 28 
Pali OSS) 
327,40 
332,80 
408 , 27 
409, 90 
409, 97 
494,36 
994,18 
099,87 
603,03 


PTO, 
mm Hg 


8,28 
10,10 
14,24 
2ON3 2 
26,71 
37,86 
48 , 46 
49,47 
(Gi) Sh) 
HN 
82,69 
83,01 
105,02 
109, 12 
132,44 
141,00 
167,67 
167,19 
209 , 50 
Ann, 20) 
264,82 
Paves 
326,89 
332,50 
407,69 
409 , 34 
409,41 
493, 72 
993,47 
599,16 
602,30 


Maximum 
error, +mm 


0,10 
Ode 
Oeil 
O16 
0,18 
0, 22 
(), 42 
0,24 
0,41 
(),27 
(), 44 
0,36 
0,46 
0,40 
0,46 
),54 
(),54 
O08 
0,61 
0,68 
egal 
0,76 
(0), 80 


i 
| 
| 


| Discrepanc 


from Eq.(5 
mm 


=) NS 
0,09 

0,00 
He) 02 
=O 2 
+0, 22 
= 0,00 
—=(0),(0)8) 
Sa) eA 
10) Seyi 
0,37 
= (29 
212() 30 
—,86 
+0,52 
SE ()h 19) 
aE) 39) 
=) 25 
See) 
+()68 
=<(0) 20) 
—(),48 
+004 
+0, 90) 
E08 
+1,25 
+4, 32 
0,76 
OAT 
+0,73 
==0044 
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TABLE 3, Vapor Pressure of 83,4% T,O 


Calculated | Calculated 
T, from Eq. | from Eq. 
(4) (5) 
20 hava hii 14,89 
40 49 52 49 , 02 
60 Tee 136.6 
80 B53) 33259 
400 121,3 726 ,1 


equilibrium was assumed to be attained if three successive 
observations at intervals of 5 min showed a pressure change 
of the same sign, not exceeding 0,01-0,02 mm Hg (which 
could be caused by a variation in the amount of gases). 

In certain cases such a change could occur under condi- 
tions insufficiently close to equilibrium conditions, for 
example when the vapor and gases in the apparatus diffuse 
in opposite directions, The actual limits of errors of our 
measurements may, therefore, be somewhat wider than 
those given in Tables 1 and 2, But check measurements 
with H,O showed that the accuracy of our measurements 

is adequate for determining the difference in the vapor 
pressures of T,O and other isotopic forms of water. This 

is corroborated by the agreement between the results of 
two series of experiments with two T,O samples of differ- 
ent degrees of enrichment. This can be seen from Table 3, 
which gives the values of the vapor pressure of 83.4% T.O, 
obtained after averaging the experimental data and those 
calculated according to Raoult's law from the values for 
pure T,O. 

At low temperatures the discrepancies are somewhat 
greater than the assumed experimental errors, which may 
be partly due to deviations of the vapor pressure of mix- 
ture of H,O and T,O from Raoult’s law. In the case of 
mixtures of H,O and D,O, positive deviations were found 
[7]. 

In Table 4 the properties of HTO and T,O, found from 
the results of the present work, are compared with known 
data for H,O and D,O [7]. 

The vapor pressure and heat of vaporization of HTO 
were found from the geometric mean and arithmetic mean 
of the vapor pressure and heats of vaporization of H,O and 
T,O,respectively. The method of calculating the heat of 
vaporization is described in [6]; the critical temperature 
and pressure of T,O were taken as BO OeG@randae oath elses 
somewhat lower than the corresponding constants for H,O 
and D,O (874.2 and 370,9°C; 218,5 and 215.7 atm, respect- 
ively [7, 8]). Data in [9] were used to calculate the entropy 
of the liquid state, 

In the investigated temperature range the vapor pres- 
sure of T,O is less than the vapor pressures of H,O and 
D,O, but the difference between the vapor pressures of 
T,O and D,O is small, With an increase in temperature the 
Pu.o/ Pr.O and Pro /?r.0 ratios approach unity, The 
vapor pressure of HTO is higher than D,O, although the 
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TABLE 4. Some Properties of H,O, D,O, HTO,and T,0 


Vapor pressure, mm Hg 


10 9,21 Tate || 8,19 (28 
25 23,76 20,6 An 17S 
4O 90,02 49,3 D1,4 47,8 
60 149.4 | 136,6 | 144,5 | 134,4 
80 305, 4 331 ,6 341 ,3 328 ,0 
400 760,0 (PP: 738 ,8 (ASE: 
Boiling point, °C 
400.0 | 404,47.) 4008 at 101 ep 
Heat of vaporization, kcal/mole 
10 10,64 44,00 11,0 AnD 
29 10,52 10,85 10,8 wah (0: 
40 10,36 10,64 10,6 10,8 
60 10,15 10,41 10,4 10,6 
80 9,94 AORAT 10,4 10,3 
400 Stee Sees: es) 1054 
Entropy (S°598 16)» units 
16,75 18,9 NS) 1930 


masses of the molecules of these compounds are the same; 
within the limits of accuracy of the data obtained, their 
heats of vaporization are also the same, 

At 25°C the PO /PyTo fatio is 1,097; at this temp- 
erature, the equilibrium constants of the reactions 


H,O, + HTO= HTO, + He 
and 


HTO;, a To = TO; + lpi 


must be 1,097-fold greater than the constants of the 
corresponding gaseous reactions (4,63 and 6.19 [7]), i.e. 
5,08 and 6.79, 

The values of the vapor pressure of HTO given in 
[2] are less than the values we obtained, They are less 
than for D,O and almost agree with our data for T,O. 
From [10 and 11] it follows that the vapor pressure of 
H-T compounds must be higher than for D-D compounds, 
This is confirmed experimentally for HT and D,, In 
contrast to our data, the data of [2] do not agree with the 
results of [10, 11] and, moreover, lead to such low values 
of the vapor pressure of T,O that the difference P = 
—Pp 9 is less thanthe difference P_.—P__, which is 
scarcely probable, ee ae 
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The physical bases, equipment, 


are briefly examined for the first time in this article. It is shown that this type of m 
main method for the proximate radiometric analysis of ores in mines and factories. 


and procedure of quantitative proximate analyses of uranium ores on conveyers 


easurements may be the 
Data characterizing the accur- 


acy of results obtained for ores of different material composition are given. 


The method of analysis of radioactive ores on con- 
veyers, propsed by L. N. Posik in 1952, is the further _ 
development of the widely employed method of y -proxi- 
mate analysis of ores in mine cars [1]. In 1956, for the 
analysis of ores on conveyers we used scintillation equip- 
ment, designed with the help of S, L. Yakubovich, for 
the first time. The use of Geiger counters for continuous 
control of ore during dressing was indicated in [2], but 
the equipment and procedure were not described, 

The proximate analysis of ores on conveyers has the 
following physical characteristics: 

1) the measurements are carried out in a thin ore 
layer; 

2) the radiation dosage rate is proportional to the 
amount of uraniumin the stream of ore, and not to its 
mean content (as in a saturated layer); 

3) the measurement time of each finite volume of 
ore is limited (several seconds) and is determined by the 


geometry of the measuring apparatus, the distance between 


the transducer and the flow, and the rate of movement of 
the conveyer; 

4) a higher background is present, due to radioactive 
contamination of the roadway and the conveyers, and the 
influence of the ore in the bunkers and the storage units: 

5) in comparison with measurement in volumes, the 
same mass of ore gives a large number of "partial" sam- 
ples, which considerably improves the statistical accuracy 
of the analytical results, 

The total influence of the nonuniformity of distribu- 
tion of the uranium, the variations in the coefficients of 
equilibrium and emanation, the variations in the cross 
section of the stream of ore, and also the density, size, 
and moisture content of the ore, etc, is assessed by a 
general criterion, that may be called the statistics of 
the stream, The total errors of a proximate analysis can 
evidently be divided into the errors due to the statistics 
of the stream, and the statistical errors of its y count, 

For a more accurate calculation of the influence of 
the physical characteristics on the results of the analysis 
of ores during movement, we will examine the analytical 
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equation for the radiation dosage of a stream and the 
formulas for assessing the statistical errors of measure~ 


ments, 


Fig. 1. Elementary vertical 
cross section of a planar 
stream of ore, 


Fig. 2, Diagram of the system of coordinates for 
a section of a planar stream, (MD=EF=h; ME=r'; 
OM=r; OA=ath; AB=x; BM=vt; r'/ h=r/ath; r'= 
= [h/(a+h)]r. 


The radiation dosage of an elementary active volume 
(Fig. 1) with a cross section S=2bH of infinitely small 
length dy, with a uranium content q; and density p;, mov- 
ing at a velocity v with respect to the point of measure- 
ment, which coincides with the origin of the coordinates, 
is determined by the equation 


dD = Kq.0; sa ) dx dy dhdt, (1) 


where K is the y constant of uranium; ¢ (r') is the absorp- 
tion function of y radiation in the material of the stream; 
1/r” is the attenuation function; r=(a hy? + x24 27 (Fig. 
2). 

As a first approximation 


g(r) =e efit 


where r" = Bh 

a+h 
efficient of a wide beam of y radiation of the given 
stream, 

We will call the period of the actual recording of the 
radiation of the moving volume at the point of measure- 
ment O, the exposure time, Its value is double that of 
the period of movement of the source with respect to the 
point of measurement, during the course of which the 


t; Hef is the effective absorption co- 


dosage rate of the radiation of the moving volume decreases 


from maximum (at t=0 and y=0, see Fig. 2) to minimum 
(depending on the sensitivity of the equipment). The 
exposure time ty= 2t, determines the length of the sen- 
sitivity zone 2l of the measuring apparatus for the given 
analytical conditions (21 =v2t, and t,= U/v). 

The radiation dosage of a moving volume during the 
exposure time is evidently 


b ee! tel i 

D, =4Kq,0, dy \ dx x \ dt ee oe Oibe ( 2) 
0 0 v 
————————————_—_—_—— 


I 


For given measurement conditions the values of a, b, 
H, Vv to,and Uo¢r are constant and the numerical value of 
the integral I=I (b, to, H, Herp a, v) is independent of q; 
(within wide limits) and is also constant [3], Assuming 
that this value is equal to I and dy=AL, we obtain 


D, = 4Kq,0,ALI. * (3) 


The amount of uranium in the volume under consi- 
deration is 


m, = 9,0,SAL. 
Hence, 
4K] 


For a stream of length L consisting of n such volumes 
we obtain 


where M,, is the total amount of uranium in the stream; 
7 is the scaling factor of the y -radiation dosage for the 
amount of uranium in the stream (in microroentgens per 
kg of uranium), 

For a stream of known material composition under 
predetermined measurement conditions the values of K, 
OSMAN 6s Ron aac L ofp and ty are determined empirically; 
the value of the integral I can, therefore, also be calcula- 
ted. The dosage Dy, obtained on the basis of equation 
(5), therefore determines unequivocally the amount of 
uranium in the stream, The value of the integral I for the 
main types of ores and the most probable measurement 
conditions are tabulated ona BESM machine. Experimental 
measurements carried out with volume ore standards at 
various distances between the transducer and the standard 
and different velocities of the conveyer showed that the 
values of Doajc and De xpe differ by not more than 4 10%, 
with a mean discrepancy of +5.6%, 

By means of a table for the values of I (not given 
here) it is easy to determine the value of the radiation 
dosage of active material under different measurement 
conditions. This makes it possible to base the selection 
of the optimum sensitivity of the equipment in accordance 
with the characteristics of the ore stream, Examples of 
the relation between the value of I and some of the main 
parameters of the stream are given in Figs. 3-6. 

We must now deal with the problem of the relation 
between the dosage and the thickness of the ore layer, 
With an increase in H from 0 to 30 cm (Fig. 6) three main 
types of relation between I and H are distinguished: direct 
proportionality, nonlinear association,and a region of 
saturation (I is independent of H), Maximum accuracy of 
the determination of the amount of uranium in the stream 
is ensured when the thickness of the ore layer corresponds 
to the region of direct proportionality, If the thickness of* 
the ore layer corresponds to the region of nonlinear 
association it is necessary to ensure Maximum constancy 
of the mean thickness of the layer. 

The statistical error of the calculated value of the 
radiation dosage of different streams at predetermined 
values of the background D,, is determined by the relative 
root-mean-square error: 


afd Dntot + Dntrue * 


Dn tot — 368 true 


(6) 


With an increase in the value of Deon the value 
of 9,, decreases; to obtain stuc'! statistical errors it is, 
therefore, necessary to use equipment with a high y radia- 
tion recording efficiency of the stream [4]. 

The values of 0, obtained from equation (6) deter- 
mine the maximum possible statistical accuracy of mea- 
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a, cm 


~v, cm/sec 
Fig, 3, Relation between the integral I and the velo- 
city of the conveyer v and the distance between the 
transducer and the stream a([H=0,08 cm’!; b=25 cm; 
H=5 cm). 


Fig. 4, Relation between the integral I and the distance 
between the transducer and the stream a and the absorp- 
tion coefficient p (b=25 cm; H=5 cm; v =0,.95 m/sec, 


v, cm/sec 
Fig. 5. Relation between the integral I and the velocity Fig. 6, Relation between the integral I and the thick- 
of the ome v and the thickness of the ore layer H ness of the ore layer H and the absorption coefficient 
(H=0,08 cm-"; b=25 cm; a=43 cm), Le (v=0.95 m/sec; b=25 cm; a=43 cm), 
surements without taking into account the influence of When the type of equipment is selected the necessity 


the statistics of the stream, The accuracy of the finalre- _ of ensuring a constant background, the maximum signal 
sult of proximate analyses must be not less than +5-10%, background ratio,and linearity of the counting character- 
Taking into account that the physical errors [1] may be istics within fairly wide limits must also be taken into 
considerable and are difficult to remove even by introduc- account, The requirement of maximum constancy of the 
ing the mean correction factors, it is evidently necessary background has a substantial influence on the choice of 


to select a sensitivity of the equipment for which the the working sensitivity and the geometry of the transducer 
value of o ,, is at es eae fold less than the sum _ of the equipment because of the impossibility of ring 

of the errors of the statistics of the stream and the count- screening. Moreover, since the value of the background 
ing statistics. above an empty and a loaded conveyer is different, meas- 
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urements of the background can be carried out only in the 
presence of a layer of rock on the belt, The requirement 
of linearity and high stability during fluctations of the 
line voltage and the temperature is due to the fact that 
when rich, nonuniform material is measured by the 
absolute counting method ,the interpretation of data in the 
case of nonlinearity of response is in practice impossible. 

The RSU-T equipment used for the analysis of ores on 
conveyers includes the following basic elements: an ex- 
ternal scintillation transducer, an automation unit, a 
counting unit (Fig. 7),and a transducer of the load. The 
block diagram of the unit, given in Fig. 8, shows the loca- 
tion of the individual components of the unit with respect 
to the conveyer. A functional diagram of the apparatus is 
given in [5], 

The scintillation transducer 1 (see Fig. 7) consists of 
a y -radiation detector—a 40 X 50 mm Nal (TI) crystal 
—and an FEU-29 multiplier. The pulses from the output of 


the FEU-29 are fed to the shaping circuit kipp oscillator, 
which ensures discrimination of the FEU-29 noise signals; 
the input sensitivity of the kipp oscillator is ~ 0.1 v. The 
normalized signal enters the phase inverter and then passes 
to the cathode follower, balancing the high inpedance of 
the circuit with the low impedance of the cable connect- 
ing the transducer with the automation unit, The length 
of the cable (type RK-1) is 100 m and can be increased 

to 120-150 m. 

The automation unit 2 (see Fig. 7) has an input cas- 
cade, an intensimeter, a relay circuit for automatic re- 
mote control of the scaler and electric clock, a time re- 
lay, an electric clock,and a power supply circuit. 

The transducer signal is amplified in the automation 
unit and is fed to the counting unit and the intensimeter. 
The intensimeter of the instrument has a negative feed- 
back, which at constant time is equal to 1 sec; it improves 
substantially the linearity of the readings of the circuit in 


Fig. 7. General view of the RSU-T ("Volume") radiometer: 1) scintillation transducer; 2) automation 


unit; 3) counting unit; 4) recorder. 
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Se 


Recorder 


Fig. 8. Block diagram of the set of RSU-T equipment, 


all three subbands: 500-10°, 200-10°, and 50+10° counts per 
min. The 100 Ha instrument, located in the counting unit, 
and the 3 ma self-recording instrument, connected to the 
automation unit, are the indicators for the intensimeter 
readings, The remote control of the scaler circuit (by 
signals from the conveyer motor and the transducer of the 
load or by means of the time relay) is effected in the grid 
circuit of the tube of the input amplifier, 

The automatic remote control circuit consists of two 
MKU-48 relays, the winding of which is connected to the 
conveyer motor and the transducer of the load (see Fig. 
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Comparison of the Results of Proximate Analyses of Ores on Conveyers with the Results of Total Sampling 


Characteristics of the ore 


Relative error, % 


Type of ore 


Equilibrium co- 


ficient with 
Fespgct to radi- 
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Fig. 9. General view of the transducer in a screen, 
installed on the conveyer. 


8). The circuit causes the scaler and the intensimeter to 
be switched on only when ore is present on the moving 
conveyer, The measurement time of the radiation of the 
ore stream is read from the dial of the electric clock, 
The electronic time switch has regular time lags of 
2, 3, 4,and 5 sec; the relay is necessary for actuating the 
measuring apparatus at a predetermined interval during 
calibration, and for certain types of analysis. The relay 
has either remote control (for example, from the instal- 
lation point of the transducer) or is controlled by the "time 
relay start" button on the panel of the unit (see Fig. 7). 
The counting unit 3 (see Fig. 7) has an input phase 
inverter, from the output of which the negative pulses are 
fed to the shaping kipp oscillator and then pass to the 
decade scaling circuit, made of semiconductor elements, 
The resolution time of the input part of the circuit is not 
more than 10 » sec, The next four scaling decades are 
made from dekatrons, From the output of the second, third, 
or fourth decade the pulse can be fed to the actuating cir- 
cuit of the EMS electromechanical counter, with a dial 
graduated in units of 10°; and a maximum frequency of 
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50 counts/sec, The total recording value may, therefore, 
be 10° 10’, or 108 counts/min, Where necessary, the count- 
ing volume can be increased to 10° counts if an electro- 
mechanical counter with a dial graduated in 104 is connec- 
ted to the outer jacks of the unit, 

The counting circuit is actuated by a seconds counter 
or by remote control via the automation unit, To check 
the circuit the unit is equipped with a control generator. 
The counting circuit contains a high-voltage stabilized 
source, regulated within limits of 650-800, 800-1000,and 
1000-1500 v at current loads of up to 150 a; a potential 
of 350-500 v can be used to feed the transducers on the 
gas-discharge counters, 

A load transducer is not mass produced and it does 
not form part of the set of equipment. The simplest variant 
of the transducer is a pair of contacts, fixed to the arms 
of the damper or indicating system of the conveyer balance. 
Figure 9 shows the transducer in a screen, installed on 
the conveyer, 

The most important type of calibration of the equip- 
ment for measurements on conveyers is the determination 
of the scaling factor n, which can be achieved by three 
principal methods: 

1)By comparing the results of the proximate analysis 
with the data of the gross sampling of ore masses of differ- 
ent weight, The use of this method gives the most reliable 
value of 7, but the necessary conditions for this are by no 
means always present; 

2) by measuring a stationary ore standard, followed 
by conversion to the ore stream equivalent in measure- 
ment time. The length of such a standard must be equal 
to the length of the sensitivity zone of the measuring ap- 
paratus (2-3 m), which is inconvenient in practice; the 
cross section S=2bH and the material composition must 
correspond on the basis of equation (5) to the mean indices 
of the stream; 


3) by repeated measurement of an analogous ore 
standard of arbitrary length on the moving conveyer, with 
an exposure ensuring the intersection of the whole sensitiv- 
ity zone, Having determined the radiation dosage of the 
standard and its uranium content (by analyses of samples) 
it is easy to calculate the value of n from the ratio n= 
=D,/ Mg per kg of uranium, 

To increase the statistical accuracy of the value of 
D, the measurements are carried out 20-25 times, 

This method of calibration is somewhat less accurate 
than the first method, but it makes the calibration process 
independent of the possible errors of gross sampling and 
makes it possible to check the stability of the equipment 
and the scaling factor 1 systematically. 

Table 1 gives a comparison of the results of proximate 
analyses of ore streams with those obtained by gross sam- 
pling. 

From these data it follows that measurements on con- 
veyers can become the principal method of proximate 


analyses of commercial ores during loading and technolog- 
ical treatment, Favorable conditions for accurate analyses 
exist in factories, preparation plants and during the load- 
ing of crushed ores, 
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ANGLE-ENERGY DISTRIBUTION OF y RADIATION SCATTERED 


IN WATER AND IRON 
Yu. A. Kazanskii 


Translated from Atomnaya fnergiya, Vol. 8, No. 5, pp. 404-461, 


May, 1960 
Original article submitted May 25, 1959 


In this paper we investigate the detailed characteristics of multiple scattering of y rays, in particular the angle- 
energy distribution, a knowledge of which allows us to calculate the attenuation of y radiation in complex geo- 
metries, Measurements have been made of the angle-energy distribution of y rays from a Co® source in water 
and iron for a semiinfinite geometry and it has been established that these distributions have a maximum close 
to the energy corresponding to single scattering at the minimum angle. It is shown that the angular ig ri 
are exponential and that the exponential factor is a linear function of the atomic number of the medium. The 
energy distributions are compared with calculations carried out by Goldstein and Wilkins [1]. 


The most detailed characteristic of multiple scatter- 
ing of y rays is the angle-energy distribution Nir, ty E); 
a knowledge of this function is of great value in calcula- 
tions of the radiation intensity in complex geometries 
(for example, in irradiation of a partially shielded detect- 
or inside a scattering medium), Calculation of Nr, %, E) 
involves serious difficulties and has been carried out 
only in a small number of cases [2, 3]. 

In a number of experimental papers [4-8] measure- 
ments have been made of the angle-energy distribution 
of scattered y radiation close to a point at the boundary 
plane of a semiinfinite medium which contains the source 
of primary y radiation, In the worksreferred to above, the 
geometric conditions in the experiments were such that 
the line connecting the center of the source and the chosen 
point was normal to the boundary plane; in this case the 
angle-energy distribution is independent of the polar 
angle, Hence,the function being sought depends on the 
distance r between the observation point and the energy 
of the source of scattered y radiation E,and the angle 
© between the line that joins the source and the field 
point and the direction of motion of the scattered y 
photons close to this point. A Co” source has been used 
to measure the angle-energy distributions of the scattered 
radiation at the boundary of a concrete medium [4] and 
a lead medium [5, 6]. A Cs!*" source has been used to 
measure the quantity N (r, ©, E) for small values of the’ 
angle © at the boundary of a concrete medium [8], The 
function N (r, ©, E) has been measured with an Au! source 
at the boundary of an iron medium [6]. In [7] the authors 
have communicated the results of measurements of the 
angle-energy distributions at the boundary of a lead barrier 
upon which bremsstrahlung radiation was incident; this 


radiation was generated by slowing down 10-Mev electrons. 
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In the present paper we report the results of measure- 
ments of N (, gy, E) for y radiation scattered in water and 
iron; a Co” source has been used in this work. 


Experimental Arrangement 


The measurements of the angle-energy distributions 
of scattered y radiation in water were carried out with 
the apparatus shown in Fig. 1. An iron tank (dimensions 
2X2xX1.6 m) is filled with water; the tank has a plexiglas 
window opposite which there is a single-crystal scintil- 
lation spectrometer with a CsI (Tl) crystal (30 mm in 
diameter and 27 mm high) and an FEU-29 photomultilplier, 
are located inside a lead shield (100 mm thick), The. 
directivity of the detector is provided by a collimator 
which is 270 mm long and has an aperture 10 mm in 
diameter, A pulse-height analysis is carried out by means 
of a 20-channel pulse-height analyzer. The distance a 
between the center of rotation of the spectrometer and the 
boundary plane of the semiinfinite medium is 10 mm.* 
Hence the angle © is determined from the relation 


(1) 


where r is the distance along the normal from the source 
to the boundary plane and ©' is the angle of rotation of 
the spectrometer, 


9=0' +arctg—tgo’, 


* The fact that the axis of rotation of the spectrometer 
does not coincide with the boundary plane causes a vari- 
ation in the distance between the field point and the 
source, But even when r=800 mm and ©=60° the variation 
in intensity is approximately 5%; when r> 200 mm, this 
variation is less than 1%, The variation in intensity is 


taken into account in the analysis of the experimental 
results, 


When ©=0, the axis of the collimator is perpendicular 
to the boundary plane and passes through the source of 
y tadiation (a sphere 5 mm in diameter which is suspend- 
ed on a nylon string), The accuracy of the collimator 
alignment is verified by the dependence of the counting 
tate of the spectrometer on the angle of rotation 6’, The 
departure of the maximum integrated counting rate from 
8'=0 is less than +0.3°, 

In the measurements of the angle-energy distributions 
at angles such that O> 60°, the source of y radiation is 
displaced through an angle a; in this case the angle © is 
determined from the relation 


a te (an 
rcosa 


O=0'-+ arctg tg a (2) 

In general, rotation of the source through an angle a 
disturbs the experimental geometry: in effect, the plane 
of the semiinfinite medium is rotated through an angle 
o with respect to the source-detector system, This situa- 
tion can cause a change in the spectral distribution of the 
scattered y radiation, In order to determine the effect of 
"rotation" of the boundary plane of the semiinfinite med- 
ium on the energy distribution, measurements were carried 
out at two different positions of the source-detector system 
with respect to the boundary plane, With por=1, the energy 
distribution was measured for O=30° and a=0°, as well as 
6=0° and a=30°, The apparatus spectrum is shown in Fig. 
2(the background is subtracted out), The good agreement 
obtained for the two cases indicated above shows that 
“rotation” of the boundary plane by angles up to 30° has 
no noticeable effect on the energy distribution of the 
scattered y radiation, 

The measurements of the angle- energy distribution 
of y radiation which emerges from iron were carried out 
with the apparatus described in [6]. 


plexiglas window 


tank 


Fig. 1, Diagram of the experimental arrangement, Two 
different positions of the source are shown; 1) measure- 
ments at © <60°; 2) measurements at O> 60°, The distance 


along the normal from the center of rotation of the spectro- 


meter to the boundary plane is shown on an enlarged 
scale (factor of 10). 


The energy distribution of the scattered y radiation 
emerging from the water was measured at five values of 
Mor (0.5, 1.0, 1.8, 3.5, 4.5) as a function of the angle 9, 
The scattered radiation from iron was measured for differ- 
ent values of [i gr=5.9. 

The measurements in water were carried out with 
Co™ sources of different intensities(1370, 600, 194 pC) 
The measurement procedure is as follows: a) the energy 
scale of the spectrometer is determined (for this purpose 
we use y -radiation sources such as nes are cr®! and 
ce'*); b) the pulse-height spectrum of the apparatus is 
measured; c) the background is measured (in order to 
carry out this measurement a lead rod is inserted into the 
aperture of the collimator); d) the energy scale of the 
spectrometer is again measured. For each value of the 
angle © the measurements are carried out twice. 

The averaged apparatus pulse-height spectra are con- 
verted into the energy distribution of y radiation by 
successive application of the following expression [9]: 


n 1 
N(E,,) = (R(E,)— SL (Ens ERophi le En) 


(3) 


i=m 


where N (E,,) is the energy distribution being sought at 
E=Em; R(E,,) is the number of pulses which are recorded 
at E-Em; Rophj is the number of pulses associated with 
complete absorption (the photopeak) at E=E;; € ph is the 
efficiency of the spectrometer at the photopeak; L (Ep; 
E;) is the probability that a y photon with energy §; will 
produce a pulse proportional to Ey). 

The function L (Ep, Ej) is obtained from numerical 
data of the measured apparatus amplitude distribution for 
monoenergetic y sources. 

The details concerning the numerical data used for 
L (Eq 5) and the determination of the efficiency of the 
spectrometer are given in [9]. 

The errors in the results of the measurements are 
determined basically by the statistical errors and the un- 
certainties associated with the conversion of the pulse- 
height distribution into the y- radiation energy spectrum, 
The relative values of the mean-square errors in the 
efficiency of the spectrometer for the photopeak and the 
function L (Ey, Ej) are 3 and 4%, respectively. The mean- 
square error in the appartus pulse-height distribution (tak- 
ing account of the background) lies between 1 and 3% | 
and, in certain cases, reaches 7%, Thus, the mean-square 
error in the measured energy distributions, neglecting the 
resulting resolving power of the spectrometer, is 4-7%, 
Errors associated with the resolving power of the spectro- 
meter are not taken into account because these errors are 
insignificant (1-2%) for smoothly varying spectra far from 
the sharp boundaries. Close to the sharp maxima the energy 
distribution can be distorted considerably; however, the 
introduction of corrections is extremely difficult in these 
cases, 
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Fig, 2, Apparatus pulse-height spectrum (background subtracted) measured at 6'=30°, a=0° (triangles) and 


6'=0°, a=30° (circles). 
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Fig. 3. Angle-energy distribution for y -radiation 
scattered in water for a Co™ source with two dif- 
ferent source-detector distances ( Hg r = 0.5 and 
Hot = 4.9). 


Results of the Measurements 

In Fig. 3 we show the measured energy distributions 
N (r, ©, E) of scattered y radiation from water at various 
angles © for two source positions (Mor=0.5 and [or=4.5), 

As the quantity [lor increases,the energy distributions show 
a marked variation at small energies; the scattered radia- 
tion peak in the region below 100 kev is displaced from 
90 to 60 kev with an increase in this distance and be- 
comes sharper. Similar behavior of the peak in the region 
of 60 kev has been observed in the integrated spectrum for 
scattered y radiation in water [10]. 

The angular distribution of intensity for individual 
energy lines, plotted from the results of the measurements, 
are compared with a calculated values [2] in Fig. 4. Since 
the experiments were carried out for a semiinfinite geo- 
metry, while the calculations in [2] apply to a medium of 
infinite dimensions, one cannot expect exact agreement 
between the experimental and theoretical data, The great- 
est discrepancy is to be expected at low energies and large 
scattering angles ©. Actually, as is apparent from the 
comparison, the shapes of the calculated and experimental 
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Fig. 4, A comparison of the calculated [2] (solid line). 
and experimental (triangles) angular distributions for 
a Co” source (Hl of=3). 
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Fig. 5, Angular distribution in water for a 
Co® source, The points show the angular 
distribution computed in the single-scatter- 
ing approximation for [1 9r=3,.5, normalized 
to the experimental data for O=10°, 
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Fig. 6. Energy distribution in water for a Co, The 
experimental data (o—o-—0) arenormalized to the 
calculated data (solid lines) for E=0.6 Mev and 
[or=4.9. 


curves do not differ by more than 40% for the lines at 265 
and 365 kev and 20% for the line at 750 kev. 
The angular distribution Ij, defined by 


To =2nsin@ de \ N(r, 8, E)EdE, 


is shown in Fig, 5, The angular distributions are exponen- 
tial to within 7—10% from 5—10 to 90°, 

In [11] the integrated angular distribution has been 
measured in water with a Co” source: 


mu 
jt = 20 ( sin@d0 \ N(r, 8, E)o (EB) Ea, 


ev 


where 9(E) is the absorption factor for y radiation in air, 
The quantity I 5 is an exponential function of the angle 
a, The exponential factor is included with the data given 


in the table. 
The energy spectra for the scattered y radiation 


In = 2a ( sin ON (r, 8, E) Ed 


are shown in Fig. 6, The quantity Ip is found by graphical 
interpolation of the measured N (r, 9, E) distributions, For 
purposes of comparison the calculated data obtained in 
[1] are shown by solid lines. 
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Fig. 7. Angular distributions in iron for a Co source 
(Hort=5.9). 


In Fig. 7 we show the angle-energy distributions for 
y radiation scattered in iron, A comparison of the angle- 
energy distributions for iron and water obtained in the 
present work with the data for concrete [4] shows that in 
the low-energy (100-400 kev) the contribution of the 
radiation scattered in concrete is one and one-half or 
two times greater than for water, and even more for iron. 
The discrepancy lies outside the limits of error of the 


Ip 


measurements and is probably due to the fact that in 
analyzing the results of the measurements the author of 
[4] has not taken account of the line shape of the Compton 
spectrometer. 

The energy spectrum I) in iron, obtained by graph- 
ical interpolation of the results of the measurements, is 
shown in Fig. 8. The solid line shows the spectrum cal- 
culated in [1]. 

The angular distribution Igis shown in Fig. 9. 


Discussion of the Results of the Measure- 
ments 

The angle-energy distributions for the scattered y 
radiation have a more or less sharp maximum near the 
energy corresponding to single scattering at the angle 0, 
In Fig, 10 we show the energy distributions for various 
materials for © equal to 10° and to 40° (the source of 
the primary y radiation is Co’), A similar maximum is 
observed when the energy of the primary y radiation is 
approximately 0.5 Mev [6, 8]. 

It has been shown in [7] that for a primary y-radia- 
tion energy of approximately 3 Mev (plane unidirectional 
source) the angle-energy distributions have a maximum 
whose position coincides with the maximum in the energy~ 
distribution computed for the single-scattering approxi- 
mation. Thus, the maximum in the angular distributions 
close to the energy of single scattering at an angle © is 
a general characteristic of the energy distribution, This 
result indicates the great importance of scattering at 
small angles and can be used in various kinds of approxi- 
mation calculations. 

The angular distribution at a primary y radiation 
energy of 1 Mev can be given analytically in the range 
5—90° with an accuracy which lies within the experi- 
mental errors, by the following expression, 


Ig= ke-9/®o , (4) 
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Fig. 8, Energy distribution in iron Co™ source. The experi- 
mental data (dots) are normalized to the calculated data at 
(E = 0.8 Mev). The triangles show the energy distribution 
taking account of the scattered radiation from 60 to 90° 


found by extrapolation. 
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Fig. 9, Angular distributions in iron and 
lead for a Co®’ source, The — —— show the 
calculated distributions computed for single 
scattering and normalized to the experi- 
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Fig. 10, The energy distributions for angles © of 10 and 40° for a Co®” source 
in water (O—O-O), iron (A—A—A) and lead (@—@-—®), The distributions are 
normalized for E=1.14 Mev (©= 10°) and E=0.72 Mev (6=40°), The vertical 
dashed lines indicate the energy for single scattering of y radiation at angles 


of 10 and 40°, 


Experimentally determined values of ©» for various 
materials and ranges 
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where ©, is the exponential factor for the angular distri- 
bution and k is a coefficient of proportionality. 

If we assume that Eq. (4) applies for values of 8 
from 0 to 90°, the proportionality coefficient k can be 
given in the form 
I9(By,—1) 


eee (5) 
Gp (1—e— 7/200) 


k == 
where Ij is the intensity of the primary y radiation at 
point r and Bi is the energy build-up factor associated 
with the point r for a semiinfinite geometry. 


Although the representation of the angular distribu- 
tion in Eq. (4) is not verified experimentally for small 
angles (6 <5°) the error in the determination of Ig is 
not greater than 5—10% because the contribution of radia- 
tion for © between 0 and 5° is insignificant. 

The experimentally determined values of © for 
various materials and ranges for the case when the pri- 
mary y radiation source is Co® are shown in the table, 

The exponential factor for the angular distribution 
falls off linearly as the value of Z of the medium increases, 
For [or@5, we find ©, =39—(Z/4), 

For purposes of comparison, calculations were made of 
the angular distributions taking account only of single 
scattering for lead (Mor=2.2 and } pr=6.3) with a primary 
y-radiation source with an energy of 1.25 Mev, The cal- 
culated curves are shown in Fig. 9; the shapes of these 
curves are in good agreement with the experimental data.f 
For water, the results of similar calculations show a mark- 
ed discrepancy with the experimental values (cf, Fig. 5). 


+The data are taken from [6]. 
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If we assume that the exponential nature of the angu- 
lar distributions also obtains at angles O> (1/2), we can 
estimate the ratio of the energy build-up factor for infinite 
and semiinfinite geometrics, Integrating Eq. (4) with 
respect to © from 0 to 90°,we find 


(Bi7,,— 4) th (\ 9 ~ 11/209) 


(Be ir (teeter) © 


The ratio calculated from Eq. (6) can be compared with 
similar calculations for the case of a plane unidirectional 
souce [12].+ For lead the agreement lies within 1.5% and 
for iron the agreement is 5%, For water, discrepancies up 
to 20% are observed, Apparently the assumption that Eq. 
(4) holds for 6 > 90° is justified only when Z> 20. 

For a primary radiation energy of 1 Mev and a Au” y 
source in iron [6] the dependence of the angular distribu- 
tions on the angle © becomes weaker, In this case for 
O> 20°, we find Ig xe “© /50” 
that because of the increase in anisotropy of Compton 
scattering with an increase in energy of the primary y 
radiation, the angle ©) will be reduced, However, the 
function I, (8), plotted from the data of [7](a plane uni- 
directional source of electron bremsstrahlung with elec- 
tron energies of 10 Mev and a lead barrier 152,4 mm 
thick) for © > 20° is proportional to eo S18", that is to 
say it coincides with the Ig curve in lead for a Cou 
source, 


Energy spectra of scattered radiation, The energy 


spectra Ip plotted from the results of other measurements 
of the angle-energy distributions measured under condi- 
tions of semiinfinite geometry were compared with the 
calculations [1] which were carried out by the method 
of moments for a medium of infinite extent (cf. Figs. 6 
and 8 and [5, 6]). When the Co” is used as a radiation 
source agreement within 5—10% is generally obtained 
with the calculations for energies greater than 0.4—0,5 
Mev, As a rule, for energies below 0,4 Mev the experi- 
mental data lie below the calculated data; this finding 
is explained by the difference in geometries in the cal- 
culations and the experiments, 

It is of great interest to compare the experimental 
and calculated energy spectra for higher primary y -radia- 
tion energies, In [7] a comparison has been made of the 
energy spectra for scattered bremsstrahlung y radiation, 
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. It is reasonable to expect 
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using the calculations in [1]. The discrepancy of about 
25% is attributed by the authors to the difference in geo- 
metry and the fact that no account has been taken of the 
brehmsstrahlung due to secondary electrons in the cal- 
culations. It should be noted that the discrepancy is actu- 
ally more significant since the authors of [7] have com- 
pared the energy spectrum of y radiation which intersects 
a fixed unit area in all directions (flux) with calculations 
[1] of the spectrum for scattered y radiation which inter- 
sects a sphere of unit radius in all directions, 

In conclusion the author wishes to thank I. I. Bondar- 
enko and V. I. Kukhtevich and S. G. Tsypin for discussion 
of the present work; the author is also indebted to A. N. 
Voloshin and V. I. Popov for help in carrying out the 
experiments, 
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The article describes a universal apparatus for radiation-chemical investigations with a Con y -ray source possess- 
ing an activity of about 60,000 g-eq of Ra. The design of the apparatus makes it possible to simulate radiation- 


chemical apparatus 


with powerful isotopic y -ray sources of various configurations and dimensions; a cylindrical 


radiating element, a radiating element in the form of two plates, a radiating element in the form of a “heat ex- 
changer,” and a radiating element in the form of one or more rods, The dosage rate (without taking into account 
the attenuation in the protective vessels) varies from~250 r/sec in a volume of 36 liters to~ 3000 r/sec ina 
volume of 0.1 liter, The apparatus is designed for carrying out radiation-chemical investigations under practically 
any physicochemical parameters; it ensures the possibility of remote control and observations both of the experi- 
mental conditions and the processes taking place in the investigated systems during irradiation, 


As a result of the development of radiation-chemical 
investigations [1, 2] and the imminent change-over from 
laboratory work to processes onan enlarged scale it has be- 
come necessary to develop new apparatus which meet 
both ordinary requirements (for isotopic apparatus) [3] 
and a number of new requirements, 

On the one hand, the apparatus must meet require- 
ments associated with the necessity of irradiating large 
volumes of substances (liters, tens of liters)at high dosage 
rates (10?- 10° r/sec) and adequate uniformity of the dos- 
age field.* On the other hand, the necessity arises of 
carrying out investigations of radiation processes in flow- 
ing and circulating systems, In the latter case, uniform 
distribution of the dosage field in a large volume is not 
obligatory and it is more important to have high dosage 
rates. Moreover, with the development of radiation-chem- 
ical investigations the physicochemical conditions under 
which the experiments are carried out become more com- 
plicated. Finally, for a change-over from laboratory ex- 
periments to industrial processes, experimental simulation 
of radiation-chemical apparatus with powerful radiating 
elements of various shapes and sizes is necessary. Reliable 
scientifically-based methods of calculating pilot- plant 
and industrial apparatus can evidently only be develop 
ed by means of such experiments, This includes calcula- 
tions of dosage fields of energy [4-6] that is absorbed 
by the irradiated system,f the efficiency of the radiating 
element and the apparatus as a whole [7, 8], the choice 
of the optimum shape and size of the radiating element, 
the heat conditions, etc, 


When the K-60,000 apparatus} was developed, to- 
gether with ordinary requirements previously formulated 
[3, 9] and included in the design of the apparatus 
described in [10, 11],the above-listed requirements were 
also taken into account, 

It should be noted that in a number of works published 
after the construction of series K apparatus, during the 
development of apparatus for radiation-chemical invest- 
igations,the authors took as their basis considerations aud 
requirements similar or closely similar to ours. This 
applies particularly to those works whose authors 
made efforts to analyze literature data and approach the 
development of a new apparatus from the aspect of a 
scientifically- based problem of general significance [12, 
13], not a particular constructional problem applicable 
only to the given conditions, 

TheK-60,000 apparatus was also developed on the 
basis of such considerations, 

Principal parameters and design of the K-60,000 
apparatus, The K-60,000 apparatus is designed for: 

1) The simulation of radiation- chemical apparatus 
with powerful y-ray sources of various configurations, 
that is, 


* The latter is important mainly during irradiation of 
objects in the solid phase. 

+ The calculations of the absorbed energy in irradiated 
systems were made by A, Kh, Breger, B, I. Vainshtein, 
L. S. Gusei, N. P, Syrkus, and Yu. S. Ryabukhin. 

+The development was commenced in July, 1957. 


a) with a radiating element in the form of a hollow 
cylinder of height 32 cm, and an internal diameter of 
2-38 cm; in this case, a mean dosage rate** of ~3000 
r/sec (in a volume of 0.1 liter) to ~250 r/sec (in a volume 
of 36 liters) is ensured; 

b) with a radiating element in the form of two plates 
of height 32 cm and length up to 32 cm, the distance be: 
tween the plates being from 5 cm(in a volume of 4 
liters the mean dosage rate** was ~ 1300r/sec) to 25 cm 


Fig. 1. Horizontal section of the K-60,000 apparatus; 
1) transducers of the USID-1 dosimetry apparatus; 2) 
transmission; 3) electrical drive; 4) working table; 5) 
solenoid shutter. 


SrPyne 

Fig. 2, Vertical section of the K-60,000 apparatus: 1) 
store; 2) working table; 3) radiating element tubes; 

4) ropes for raising the cassettes with Co”; 5) mechan- 
ism for moving the sources; 6) induction transducers; 
1) switchboard connecting the electric cables with 

the instruments of the physicochemical control- 
board; 8) transmitting camera of the television 
system, 
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(in a volume of about 26 liters the mean dosage rate** 


was ~ 450 t/sec); 

c) with a radiating element of the "heat exchanger" 
type with different arrangements of the sources in the ir- 
radiated medium; 

d) with a radiating element in the form of one or 
more rods, 

It is possible to vary (other conditions being equal) 
the activity of the radiating element from 3000 to 60,000 
g-eq of Ra, 

2) For carrying out radiation-chemical processes in 
various apparatus with the use of the radiating elements 
indicated in section 1, and in practice under any physico- 
chemical conditions, 

The K-60,000 apparatus is located on two stages of 
a specially equipped room, The labyrinth (Fig. 1) and 
the working chamber (Fig. 2), in which irradiation is 
carried out, are located on the lower stage. The working 
chamber and the labyrinth are separated from the neigh- 
boring rooms by concrete ceilings and walls (specific 
density of the concrete 2,3 t/m*), which protect the per- 
sonnel when the cassettes with the y-ray sources are in 
the working position. 

The following principal units of the apparatus are 
located in the working chamber, 

1) The y-ray source, consisting of 20 articulated 
four-membered cassettes (Fig. 3), Each cassette contains 
four standard Co° preparations, each having an activity 
of 700-750 g-eq of Ra (in its sheath, a preparation has a 
length of 81 mm and a diameter of 11 mm), 

2) The stare of the y-ray source, consisting of 20 
isolated, specially curved,tube-channels, the area be- 
tween which is filled with iron shot of diameter 2-3 mm 
(bulk density 4.5 g/em*).¢t During the intervals between 
irradiation of the objects the cassettes with the Co” pre- 
parations are kept in the lower parts of the channels of 
the store, The layer of iron shot, of height 1,6 m, and the 
curved channels attenuate the y radiation to the per- 
missible norm. 

3) The radiating element of the apparatus, consist- 
ing of 20 individual tubes connected to the corresponding 
channels of the store by means of flexible metal sleeves.t £ 

4) The working table of the apparatus, on which the 
objects to be irradiated are arranged, and which is used 


** The dosage rate is calculated without taking into ac- 
count the attenuation of irradiation in the materials of 
the cassette, the tubes of the radiating element, etc, 
Such data on the calculation of the dosage fields and 
their experimental investigation will be published later 


tt The K-60,000 apparatus is made without the use of 
lead, 


ti The channels of the store, the cassettes and the radia- 
ting element tubes are made of mark Kh18N9T stainless 
steel, 


to support the tubes of the radiating element, the con- 
figuration of which is determined by the experimental 
conditions (Figs. 2 and 4), 

5) The ropes with electromagnets fixed on the ends 
by means of which the required number of cassettes (from 
1 to 20) is lifted to the radiating element of the appara- 
tus, 

6) The mechanism for moving the source, with trans- 
mission gear and electric drive. 

In addition to these components the working chamber 
contains the outlets of the gas and liquid pipelines, the 
switchboard for connecting the electric cables to the 
secondary instruments on the control desk and for ob- 
serving the physicochemical conditions of the experi- 
ments: remote control and adjustment of the temperature, 
pH, pressure, electrical resistance, dosage rate, etc. A 
television system is installed in the working chamber for 
visual observations on the irradiated objects, The control 
desk of the apparatus has a light-signalling system for 
indicating the position of the individual irradiation sources, 

Working principle of the apparatus, Before the com- 
mencement of irradiation all the cassettes with the Co” 
preparations are located in the lower part of the channel; 
this is signalled by the induction transducers installed 
in the channels of the store, The induction transducers 


Fig. 3, Cassette with Co” y-ray source and electro- 
magnet, 


Fig. 4. Working table of the K-60,000 apparatus, 
with radiating element in the form of two plates. 


consist of double coils*** with an ac feed, As a result 

of the presence of cores, which in the given system are 
formed by the Cor preparations, an emf is induced in 
the secondary winding of each coil; this actuates a re- 
lay which operates in the signal and locking circuit of 
the inlet door of the labyrinth. Thus, entry into the laby- 
rinth, Thus, entry into the labyrinth and working chamber 
is only possible when all the cassettes with the Go pre- 
parations are located in lower part of the channelst{T. 


To prepare the apparatus for radiation-chemical 
experiments the operator installs and fixes both the tubes 
of the irradiating element and the ropes with fitted elec- 
tromagnets according to the selected configuration of the 
radiating elementtf{£. When the objects to be irradiated 
have been placed in the guard vessel, the cables can be 
fed through the central tube’, The apparatus having been 
made ready for work in this way, the operator in the work 
ing chamber switches on the locking device as a result 
of which the core of the solenoid shutter of the door’ is 
attracted and held for 20 sec. This period is sufficient 
for the operator to leave the chamber and close the door. 
The power supply of the electromagnets® is switched on 
to raise the required number of cassettes with Co”’ pre- 
parations, by means of the toggle switches on the control 
desk. 


After the power supply has been switched on, the 
cassettes are drawn toward the electromagnets by a plug- 
yoke and are raised to the working position by means of 
the displacement mechanism. The signal lamps serve as 


*** The winding of the coils is made of mark PETKSO- 
0.35 wire, resistant to the action of y rays, impregnated 
with organosilicon lacquer. 

ttTIn addition to the locking device by means of the 
induction transducers, the USID-1 dosimetry device oper- 
ates in the locking circuit of the inlet door, When the 
door is opened the electromagnets are automatically dis- 
connected by the key, and if cassettes with Co® are pre- 
sent in the radiating element they fall into the store via 
the channels, In this way additional locking is obtained 
during functioning of the apparatus. 

££4 The change-over from one variant of radiating ele- 
ment to another is carried out under safe conditions in 
30 min. 

lPor any variants of the radiating element the objects to 
be irradiated can be placed on the ends of the working 
table and on the floor of the working chamber. 

*When the core of the solenoid shutter is lowered the 
door to the labyrinth can only be closed if the time re- 
lay (the button of which is located in the chamber of 
the apparatus) is switched on; this eliminates the possi- 
bility of the presence of personnel in the chamber when 
the source is raised. 

*The supply for the electromagnets is obtained from an 
ordinary buffer circuit with a VSA-6 rectifier and a 384 
X 2 amp/hr storage battery. 
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a means for indicating when each cassette has been lifted 
into the tube of the radiating element. 

When the experiment has been completed all the 
operations are carried out in the reverse order; the irradia- 
ted objects can be removed from the chamber for further 
investigation and the apparatus prepared for the next ex- 
periment, 


Method of assembling the powerful y-ray source of 


the K-60,000 Apparat The y-ray source, consisting of 


80 standard Co” preparations, is assembled by means of 
a special transport container, similar to that developed 
by us previously [8], by the method described in [10, 11]. 
The container is installed ona plate located in the room 
above the working chamber of the apparatus. From the 
center of the plate a pipeline is passed through the con- 
crete ceiling; this pipeline is first connected in the work- 
ing chamber to one of the channels of the store contain- 
ing the empty cassette. Four Co” preparations are passed 
in succession into each cassette via the pipeline; the plug- 
yoke is then screwed into the cassette by means of an 
electromagnetic screw driver, When the plug is screwed 
up (or unscrewed) each cassette is held securely in a hex- 
agonal jack in the lower part of the channel. 

The authors wish to express their thanks to V. I. 
Vainshtein, M, A. Dembrovskii, and N. P. Syrkus, who 
took part in the discussion of individual problems of the 
design of the apparatus, and also to A. I. Dombrovskii, 
V. M. Kasatkin, A. V. Tatov, D. V. Yasinskii, I. A. 
Gromov, V. G. Ivanov, M. N. Demichev, V. V. Serebrya- 
kobaya, N. V. Troinov, and others, who took part in the 
construction and assembly of the apparatus, 
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INVESTIGATION OF THE SPENT FUEL ELEMENT 
OF THE FIRST ATOMIC POWER STATION* 


A. P. Smirnov-Averin, V.I. Galkov, Yu. G. 

Sevast'yanov, N.N. Krot, V.I. Ivanov, I. G. 
Sheinker, L. A. Stabenova, B.S. Kir'yanov, 
and A.G. Kozlov 

Translated from Atomnaya Energiya, Vol. 8, No. 5, pp. 446-447, 


May, 1960 
Original article submitted January 28, 1960 


In designing new nuclear reactors for power stations 
and in developing new operating parts, it is necessary to 
study the changes occurring in fuel elements (FE) during 
their operation, Thorough investigations of spent FE make 
it possible to design power station reactors where the 
nuclear fuel is utilized with maximum efficiency, One 
of the stages in studying spent FE is the investigation of 
the nuclear fuel isotope composition after operation in 
the reactor, the burn-up variation along the FE length, 
and the state of the outside and inside FE jackets, 


We investigated the fuel element of the First Atomic 
Power Station [1], which was in operation over an effec- 
tive period of 104 dayst and then stored over a period of 
1160 days after the end of the run, It was transferred from 
the storeroom of the First Atomic Power Station to the 
unloading room of the "hot" laboratory and then placed 
into a protection cell by means of the remote-handling 
unloading mechanism. 


The fuel element was observed by means of special 
binoculars through the lead glass of the cell. A thin oxide 
film was detected on the outside jacket. This jacket was 


The burn-up was determined with respect to the ac- 
tivity of Cs'*’, which evolved from the specimen, Cesium 
is the most suitable fragment for this purpose, since its 
yield is well known [2] and its half life is long, due to 
which the corrections used in calculating the burn-up are 
small. The chromatographic method was used for separat- 
ing cesium. The purity in chemically separating Cs’*’ 
was controlled by means of a scintillation y spectrometer 
as well as by measuring the B spectrum according to the 
absorption method, The absolute 8 activity of Cs’ was 
measured by means of a 4m counter. 

In burn-up calculations we took into account the 
Cs’ activity due to Pu” fission as well as the reduction 
in U?* nuclei due to the radiation capture of neutrons. 
Data on the burn-up at different FE spots are shown in 
Fig. 1. The average burn-up is equal to 12.5%, 

For the specimen taken from a spot 95 cm from the 
lower FE end, the burn-up was determined by means of 
a mass spectrometer, The uranium content in this speci- 


not damaged, In measuring the outside diameter at differ- 
ent spots along the FE length by means of a remote-meas- 
urement micrometer, it was found that the jacket was 
deformed. As a result of irradiation the average diameter 
along the FE length increased from 14.11 + 0,02 to 14,204 
+ 0,02 mm. 


Bottom 


In the course of further investigations, six specimens 
1 cm long were cut from different spots along the FE 
length. 
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An inspection of the specimen inside tube on the 
Length, cm 


side where it was in contact with the coolant (water) re- 
vealed a brown deposit. By means of an MIM-6 metal 
microscope, it was established that the deposit had a 
thickness of 11. The metal structure at the metal—de- 
posit interface was not disturbed, which indicated that 
the layer consisted of scale and that it was not a product 
of stainless steel corrosion. 


Fig. 1, Burn-up along the FE length. 


* First communication. 
} The investigation of elements with deeper burn-up is 
in progress, 
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Fig. 3, Distribution of the content transuranic element iso- 
topes along the FE length. 


men was 4,32%, which corresponded to a burn-up of 
16.1%, This value was in good agreement with the value 
obtained with respect to the ge. yield, 

The over-all a activity was measured by means of 
a standard Da-49 device, and the over-all B activity was 
measured by means of a 4m counter . The y -radiation 
activity was measured by means of an ionization chamber, 
which was calibrated with respect to the y activity of a 
radium standard, The measurement results are shown in 
Fig. 2. As was to be expected, the shape of the relative 
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family of the over-all 8-and y -activity curves was simi- 
lar to the shape of the burn-up curve. 

The content of transuranic element isotopes was 
determined with respect to a-radiation spectra and with 
respect to the number of spontaneous fission events. The 
spectra were obtained by means of an ionization & spec- 
trometer, which consisted of an ionization chamber with 
a small collecting electrode (a ball 1.5 cm in diameter), 
an amplifier, a discriminator, a second amplifier, a sta- 
bilized rectifier, and a 50-channel pulse analyzer. The 
o-spectrometer resolving power was 2%, 

Complete data on the content of transuranic element 
isotopes cannot be obtained directly from the spectrum 
of the specimen a radiation, since the spectral peaks of 
Pu? and Pu as well as Pu28 and Am™!, coincide with 
each other. 

After we measured the o-radiation spectrum of 
plutonium that evolved from the specimen, we succeeded 
in separately determining the Pu? and Am?“ content, 
The Pu’ content was determined with respect to the 
number of spontaneous fission events produced by the 
layers prepared from the evolved plutonium. 


Figure 3 provides data on the content of transuranic 
element isotopes (in kilograms per 1 ton of uranium) at 
different spots on the FE, The Pu! content was deter- 
mined theoretically by using data obtained from Am™“!, 

On the basis of experimental data, we determined 
the amounts of various isotopes (in kilograms per 1 ton 
of uranium), which were averaged with respect to the 
FE length, The theoretical and experimental results ob- 
tained in measuring the FE isotope composition are shown 
in the table, A comparison of these results indicates that 
the theoretical and experimental data are in good agree- 
ment, 

The authors extend their thanks to G. M. Kukavadze 
and R, N. Ivanov, who performed the mass-spectrometer 
analysis of irradiated uranium, and also to V. N. Sharapov 
who calculated the FE isotope composition, 
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An increase in the gaseous coolant temperature toys 
at the reactor downstream end always leads to an increase 
in the reactor efficiency. However, the choice of the 
maximum temperature depends on the material of which 
the fuel-element jacket is made. If the material cost is 
high and is not justified by an increase in the cycle ef- 
ficiency, it is advisable to use lower coolant temperatures. 

The gas temperature t,, at the reactor upstreamend 
cannot be determined without a careful analysis of the 
power station thermodynamic layout. The power station 
efficiency is usually the highest for a large gas tempera- 
ture drop between the reactor upstream and downstream 
ends (of the order of 150 to 200°C and over). If a two- 
pressure operating cycle instead of a single- pressure cycle 
is used in the power station layout, the resulting complica- 
tions and the higher cost are entirely justified by the ad- 
vantages offered by an increase in efficiency. The use of 
a three-pressure operating cycle is hardly advisable, since 
in this, the efficiency is very little improved in compari- 
son with the case of the two-pressure cycle, and the power 
station layout becomes much more complicated, 

Figure 1 shows the dependences of the efficiency 
(7) on the vapor pressure P,, in the high-pressure loop 
for a power station with a two-pressure operating cycle. 
The curves were plotted for the case without regenerative 
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Fig. 1, Variation of 7, in dependence 
on the vapor pressure P},, for the follow- 
ing temperatures tc, (°C): 1) 140; 

2) 200; 


preheating of the feed water, when the gas temperature 
at the reactor downstream end was equal to 375°C, Each 
value of tc » corresponds to a Php value that secures 
the optimum efficiency, The initial points of these curves 
correspond to the Ne value for the single- pressure opera- 
ting cycle. 

In reactors with gaseous coolants, for constant tc,4 
and t, » and a chosen value of Php» the vapor pressure in 
the low-pressure loop drops with an increase in the feed 
water temperature ty, and the quantity of this vapor, 
reduced to the same quantity of high-pressure vapor, in- 
creases, This negatively affects the power station effi- 
ciency, Therefore, regeneration exerts a positive influence 
only in a certain definite feed water temperature inter- 
val, which depends on the number of preheaters; the opti- 
mum tp, value is lower than that for ordinary power sta- 
tions, 

Figure 2 shows the efficiency vs. feed water tempera - 
ture curves for different numbers of regenerative preheaters 
for single- pressure (a) and two-pressure (b) cycles, 

Figure 3 shows the dependences of the maximum ef- 
ficiency value on the coolant temperature t,,» for single- 
pressure (curves 1 and 3) and two-pressure cycles (curves 
2 and 4) in the presence (n erie solid curves) and absence 
( eee dotted curves) of regenerative preheating, It can 
ber seen that regenerative preheating for the single- pressure 
operating cycle is beneficial only if the to 2 value in the 
reactor exceeds ~ 170°C; for the two-pressure cycle, re- 
generative preheating leads to an increase in efficiency 
even for lower t be values, Obviously, in deciding on the 
power station layout, it is necessary to determine to what 
extent the advantages resulting from the use of regenera- 
tion with a given number of preheaters exceed the addi- 
tional costs involved, 

For higher t,, on values, the efficiency as well as the 
coolant circulation losses increase, The efficiency cal- 
culated by taking into account these losses is determined 
by the equation 


aes Bee = eed) 
c Qvap~ Knb1 mot bl mechNe 


Qr 


where Q, is the reactor heat output, Ne is the reactor 
electrical output, K is the portion of the electrical energy 
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Fig. 2, Variation ot ‘le,n in dependence of the feed water temperature tr, 


and the number 


of regenerative preheaters z (mixing-type preheaters): 1) z=1; 2) z=3; 3) z=5; 4) z=10; 
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Fig. 3. Dependence of ee gobo 
mum values ‘we and ee ae on 
the coolant temperature tc 2 for 
the constant value of to 4 = 375°C. 


Ne expended on coolant circulation, Qyap is the heat 
transferred to the vapor generator, 1] mech ts the blower 
mechanical efficiency, and 1) mot is the blower motor 
efficiency. 

Equation (1) can be reduced to the following form: 


phy (1-K) ne 


ite 2 peo eee 2) 
y 1—Knen bl mot” bl mech \ 


The maximum efficiency values, epee n), calculated 
by taking into account circulation losses in the presence 
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of feed water regenerative preheating for a single- pressure 
(a) and a two-pressure cycles, are given in Fig. 4. The 
variation of er in dependence on t,, » for constant loop 
hydrodynamic characteristics and for a constant reactor 
heat output is shown by dotted lines. Under these condi- 
tions, the following relation holds: 


eae) ae 
KR ape C Ne.n 


where K' is the fraction power expended on coolant cir- 
culation, y ; is the average coolant specific weight, Cp; 
is the average coolant specific heat, and eo n38 the elec- 
trical pire SO without taking into account ‘the piping 
losses for t" |; K", yo, <p, gand 12 , are the values of 
the same quantities for tS, 2 


If we know the fraction power K' for the given opera- 
ting conditions, we can determine its value K" for the 
same reactor output, but for a different value of t, , 


As can be seen from Fig. 4, there are optimum toe 
values which correspond to the maximum efficiency value 
where coolant circulation losses are taken into account, 

An increase in the coolant temperature at the re- 
actor upstream end initially leads to such an increase in 
efficiency that N¢ (ny also increases (regardless of higher 
circulation losses), Subsequently, increasing circulation 
losses lead to the fact that 7 i begins to decrease with 
an increase in t, 5. It is obvious from Fig, 4 that the opti- 
mum 7, u values for the single- pressure operating cycle 
correspond fot values higher than the t, 2 value for 
the two- peessute cycle, The fraction power expended on 
coolant circulation in the single-pressure cycle is also 
higher than that in the two-pressure cycle under condi- 
tions securing the optimum efficiency, and the efficiency 
value where circulation losses are taken into account is 
always lower. 
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Fig. 4. Dependence of Ne n 08 the coolant temperature for various values 
of the fraction power expended on coolant circulation (tg 4=375°C). 
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Fig. 5, Dependence of 7, ,, on the coolant temperature t, for various 
relative values of the fraction power expended on coolant circulation 
(two- pressure cycle): a) te 1=340°C, b) te, =400°C, 
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The above analysis pertains to conditions where 
tot =375°C, In order to determine the effect of t, , values 
on the power station efficiency, we also performed cal- 
culations for different t, ; values. 

Figure 5 shows the ner vs. tq 2 curves, From Figs. 
4b, 5a, and 5b, it is obvious that, for equal relative cir- 
culation losses, fe increases with an increase in the gas 
temperature at the reactor downstream end, and the maxi- 
mum efficiency values are obtained for higher t, values. 

We are justified in increasing the reactor heat out- 
put if the increase in the fuel cost in producing electrical 
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energy due to a lower power station efficiency is com- 
pensated by lower capital expenditures. For a given re- 
actor heat output, it is necessary to strive for the maxi- 
mum power station efficiency while taking into account 
circulation losses. It is necessary to bear in mind that 

the maximum efficiency value decreases with an increase 
in the heat output of a given reactor, i.e., as can be seen 
from Figs, 4 and 5, the lower dotted curves correspond 

to large reactor heat output values. 


MEASUREMENT OF THE FAST NEUTRON FLUX 
DISTRIBUTION IN THE CORE OF THE VVR-S REACTOR 
WITH RESPECT TO CHANGES IN THE ELECTRICAL 
CONDUCTIVITY OF GERMANIUM SPECIMENS 


EK. Aleksandrovich and M. Bartenbakh 


Institute of Nuclear Research, Polish Academy of Sciences, Warsaw 
Translated from Atomnaya Energiya, Vol. 8, No. 5, pp. 451-452, 
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In connection with the investigations of the behavior 
of semiconductors under neutron irradiation that are 
in progress at the Institute of Nuclear Research in Warsaw, 
it was necessary to determine the fast.neutron flux distri- 
bution in the reactor core. 

Under the action of fast-neutron irradiation, the 
electrical conductivity of a germanium monocrystal of 
the n type gradually decreases, and, in the final stage, 
the germanium monocrystal is converted to the p type 
{1-7]. The typical curve representing the variation of 
germanium electrical conductivity in time during irradia- 
tion by fast neutrons is shown in Fig. 1, The initial portion 
of this curve can be considered as linear, which is notice- 
able only in the case where the neutron energy exceeds 
~ 300 ev. 

Nine germanium specimens cut from the mono- 
crystal were used for measurements, The specimens were 
in the shape of parallelepipeds whose dimensions were 
1,5x1,5x10 mm, They were selected in such a manner 
that their electrical conductivity was at the maximum. 

In order to eliminate the influence of thermal neu- 
trons, each specimen was enclosed in a cadmium shell 


Gis arbitrary units 


Time, hr 


Fig. 1, Variation of the electrical conductivity (9) of 
a germanium specimen (monocrystal) in time during 
irradiation by fast neutrons. 


0.25 mm thick. The specimens were placed at equal 
distances from each other in a special aluminum probe 
and then introduced into the core of the VVR-S reactor 
between the fuel elements. Thus, seven specimens were 
distributed along the reactor core height and two speci- 
mens were placed outside the core: one was above and 
the other below it, 

The electrical conductivity of the specimens in the 
reactor was measured during irradiation with respect to 
the current intensity through the specimens; the current 
was supplied by a dc voltage source, The current intensity 
was such that the specimens were not heated during meas- 
urements, The reactor power, equal to 1.5 kw, was kept 
constant. 


Probe inserted 


2 Time, hr 


0 if 


Fig. 2. Variation of the electrical conductivity (0) of 
germanium specimens lowered to various depths into 
the core of the VVR-S reactor during irradiation by 
fast neutrons, 
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Fig. 3, Fast-neutron flux distribution along the VVR-S 
reactor core axis, 
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The variation of the electrical conductivities of all 
specimens during irradiation is shown in Fig. 2. A sharp 
change in the magnitude of do/dt at the points t=1 hrand 
t=2 hr was caused by changing the probe position in the 
reactor. 

The slope of the o (t) curve is the measure of the 
intensity of the fast neutron flux at the point where the 
specimen is located. Figure 3 shows the fast neutron flux 
distribution along the core axis. In plotting this curve, 
we used the time interval enclosed between the points 
t=1 hr and t=2 hr in Fig. 2. 

This method can also be used for absolute measure- 
ments. 
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Thermal shocks in the walls of reactor structural parts 
arise due to a sudden drop in the coolant temperature 

at the core downstream end after reactor emergency 
shutdown. Since sharp temperature changes lower the 
strength of such important and irreplaceable parts as 
tanks, collectors, and pipes, it is necessary to know how 
to calculate the thermal shock in reactor structural parts 
if power station devices are to be designed correctly. 
The thermal shock effect has been studied by a number 
of investigators [1-3], 


An effective method for protecting the walls of 
important reactor structural parts from thermal shock is 
the provision of a thermal screen between the wall and 
the coolant. 


The wall thickness of tanks, collectors, and pipes 
used in reactor loops is considerably smaller than their 
diameters, From the point of view of changes in tempera- 
ture fields and thermal stresses, these walls can be consi- 
dered to be flat. Therefore, we shall hereafter consider 
only the two-dimensional geometry, For technical reasons, 
in the majority of practical cases, the carrying walls 
and the thermal screen are made of the same material. 
This makes it possible to obtain analytical equations for 
the calculation of thermal stresses if we assume that 
ideal thermal contact exists between the thermal screen 
layers and between the thermal screen and the carrying 
wall and that liquid layers are absent, The neglect of 
the thermal resistance and the heat capacity of the cool- 
ant layers lead to somewhat higher thermal stress values 
in the carrying wall, which provides a safety margin in 
calculations, 


The temperature changes in the plane of the wall 
cross section are found from the following system of 
equations [4]*: 

Ort OLY 
“Oat Ot’ 


ty a 0) = const; 


eel 


| 0: 
Ox | x=0 

; oa = pore Fea 
ae , 


The solution of this system is given by the equation 


(x, 1) =0(t)-+ 9) An (a) 008 (ens ), 


n= 


where 


t 
—be2 
Ay (t) = —Bre a" \ = ea. at; 
0 
fh Msin e; 
© 28n-+ sine, 


The proper values of € n are found from the transcendental 
equation tg € ,=Bi‘,, and, for Bi 2 50 we can assume 
that € ,=(2n-1)(7/ 2),where n=1, 2... .The thermalstress 
on the outside surface of the kth layer is determined 
from the relations [5] 


0, (1) = GUM [iy (1) 8 (om I 


1 


ty (t) = se OR 


Each form of the 6(T) function yields a separate 
form of the expression for O¢)(T). The table provides the 
final formulas for the cases of linear and exponential 
changes in 6(7), As an example, the figure shows the 
results obtained in calculating thermal shocks in the carry- 
ing wall and the thermal screen of a fast reactor vessel 
with sodium cooling [6]. 

The following initial data were used in calculations: 
the material was Steel 1Kh18N9T; 0(T)= 00 +A Oe" ™ ; 
A @5=140°C; m=0.1 sec”; §=0.2m; 7 4=0; cy=0.05m; Y y= 
=0.19 m; c,)=6=0.2 m. 

The following notation was used in these calculations: 
t(x,T) is the carrying wall and the thermal screen tempera- 
ture (°C); 99, 9(T), and 90 are the coolant temperatures at 
the initial instant of time, at the time T, and the asymp- 


* The notation used is explained at the end of the article. 
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Thermal shock calculation. a) Carrying wall without thermal screen; b) carrying wall with thermal screen; 
c) end layer (in contact with sodium) of the 10-mm thermal screen, 


Calculation Formulas for Determining Thermal Stresses 


Coolant é : 
Equation for calculating thermal stresses 


temperature 
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* Linear temperature changes occur during the time r», when 6 = O° 
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totic value of the coolant temperature for T> « (°C), sel outside surface toward the interior (m); 5 is the over- 
respectively; A =0)-90 is the maximum change in all thickness of the carrying wall and of the thermalscreen 
the coolant temperature (°C); T},(T) is the average temp- sheets (m); Cy, is the coordinate of the kth layer outside 
erature of the kth layer (°C); T is the time (sec); Tq is surface (m); y k is the coordinate of the kth layer inside 


the time during which the coolant temperature drops surface (m), Here, the carrying wall represents the first 
linearly (sec); x is the coordinate measured from the ves- layer, 
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The structural material parameters are the following: 2, 
a is the diffusivity coefficient (m?/sec); dis the thermal oF 
conductivity coefficient (kcal/mxsecx°C); a, isthe line- 4 
ar thermal expansion coefficient (1/°C); Ey is the elasticity 
modulus (kg/cm?); V is the Poisson coefficient; « is the 5. 
coefficient of heat transfer from the wall to the coolant 
(keal/m?xsecx °C); b=a/s?: Bi=ad/A; A= aE, /1-v; Cente 
is the thermal stress at the kth layer outside surface 
(kg/cm); P is a parameter (deg/sec); m is a parameter 
(sec”}), 
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The necessity for increasing the injection current 
at the 10-Bev proton synchrotron at the Joint Institute 
for Nuclear Studies prompted the authors of the pre- 
sent paper to undertake the following problem: using 
an ion source capable of furnishing a large proton cur- 
rent, extract and focus this current for acceleration to 
an energy of 600 kev. In doing this it is necessary that 
the geometric dimensions and angular convergence of 
the beam at the output of the accelerator tube satisfy 
the injection conditions in the linear accelerator, 

Ion source, This is a gas discharge with a dou- 
bly contracted pinch [1] in which electron oscillations 
are used, The source was developed in NII-5 and then 
modified by the authors and V. M. Blagoveshchenskii, 

T. I, Gutkin, and Yu. V. Kursanov of the High-Energy 
Laboratory of the Joint Institute for Nuclear Studies. 

A schematic diagram of the source is shown in Fig. 1. 

In this source we used cathodel of a TGI-90/8 thyraton. 
The cathode leads 2 are cooled by circulating water and 
isolated from the cathode flange 5 by porcelain insulators 
4, The hydrogen is introduced into the discharge chamber 
through a palladium filter and tube 3, 

The internal cavity of the intermediate anode 6 
forms the cathode region of the discharge; the presence 
in the intermediate anode of the channel 15, 9 mm in 
diameter and 10 mm long, causes the formation of a 
double layer of hemispherical shape, The spherical part 
points toward the cathode and serves to contract the pinch. 
The intermediate anode is also cooled by water which 
flows in the cavity 7. Directly on the intermediate anode 
there is a coil 8 that produces an axial magnetic field 
that contracts the plasma in the space between the 
channel 15 and the emission aperture 17, The intermediate 
anode 6, the wall of the source, 16 and the output flange 
12 form an open magnetic conductor, The copper anode 
10 has an aperture 9 mm in diameter which is concentric 
with the channel 15 and the emission aperture; the elec- 
tron oscillation takes place in the space between these 
two electrodes, The output flange of the source (anti- 
cathode) has an insert 13 made from nonmagnetic mate- 
rial (tungsten or stainless steel) with an emission aperture 
2 mm in diameter and approximately 0,5 mm long.* 
Since the source is at a potential of 600 kv with respect 
to ground the entire power supply circuit, which is moun- 
ted on porcelain insulators 2,6 m in height, has its own 
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generator (220 v, 50 cps, 3.5 kw) and a GSM-1 generator 
(220 v,500 cps, 0.6 kw), The drive that connects the 
generator and the motor, which is at ground potential, is 
a shaft made from § wood which is approximately 2 m 
in length, 

The power supply for the source is shown in Fig. 2, 
The filament supply for the cathode of the source comes 
from transformer Tr. The filament requires 7,8 v at 6.4 
amp. The hydrogen pressure in the discharge chamber is 
maintained at about 1.5°10°? mm Hg; the hydrogen is 
admitted through the palladium filter Pa and the flow 
rate is controlled by heating the filter. 

The magnetic field in the source is produced by a 
coil with 320 turns, The magnetic induction in the space 
between the intermediate anode and the anticathode is 
1000 gauss for a coil current of approximately 2 amp. 

When the artificial line is discharged through the 
thyratron a negative pulse approximately 500 usec long 
appears at the cathode; the amplitude of this pulse is con- 
trolled by the voltage from the power supply B, which is 
used to charge the line. The thyratron is fired by a pulse 
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Fig. 1, Schematic diagram of the source: a) copper, 
b) steel, c) porcelain, d) rubber gasket. 


*If the emission aperture is a channel the loss of ion 
current to the wall increases appreciably; hence, the 
condition 7€d must be satisfied for the aperture. 


which is obtained from a photomultiplier which is moun- 
ted on an insulator; this tube is triggered by the flash from 
an MN-3 neon lamp which is located at the base of the 
insulator, 

The pulse from the line (amplitude of 400-500 v) is 
applied to the cathode of the source and ignites an arc 
between the cathode and the intermediate anode. The 
arc current produces a potential difference across the 
resistance Ry=200 ohm; this potential difference causes 
the ignition of an arc in the channel in the intermediate 
anode. Any disturbance of the uniformity of the discharge 
gap in the channel causes electron drift in the region of 
the anode plasma; the hemispherical double layer accele- 
rates and focuses the electrons, providing the required 


electron current density in the region of the anode plasma. 


The potential jump in the double layer automatically 
reaches a level such that the generation of ions in the 
region of the anode plasma is sufficient for satisfactory 
stability of the space-charge limited bipolar current: 


I» of Te yi 
oe! : 


where I, is the directed current of positive ions; I, is 
the directed electron current; Me and m), are the mass 
of the electron and positive ion,respectively. 

The strong inhomogeneous magnetic field in the 
region of the anode plasma causes a still greater contrac- 
tion of the discharge, leading to an additional increase 
in the density of carriers. The double contraction of the 
discharge and the use of electron oscillation in the space 
between the intermediate anode and the anticathode 
causes an appreciable degree of ionization in the anode 
region of the discharge. The current extracted from the 
source can reach values of 270 ma. Knowing the mass 
spectrum of the beam and the gas consumption in the 
source (source parameters are given below) we can show 
that the ionization percentage in the discharge is close 
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Fig. 2. Power supply for the source (R\=200 ohm; R5= 
=Rj=12 ohm; Ry=5°10 * ohm; C=10 pf; L=25mh). 


to 100%, Under the effect of the electric field the ions 
generated in the anode plasma are directed toward the 
emission aperture of the source and extracted by the ex- 
tractiom system, 

The geometry of the discharge chamber of the source 
is chosen experimentally for optimum conditions for ignit- 
ing the pulsed arc, The opening angle of the cone of the 
intermediate anode in the working version if 120°, If this 
angle is varied the current extracted from the source falls 
off sharply since the axial magnetic field has a strong 
effect on the electron kinetics and parameters of a low- 
pressure plasma [2]. 

When the diameter of the emission aperture is in- 
creased from 0,8 to 2,0 mm the current increases approxi- 
mately as the square of the diameter (Fig. 3). However, 
when the diameter of the emission aperture is increased 
to 3,0 mm it is difficult to ignite the arc in the source 
because the field of the extraction electrode "drops" in 
the discharge chamber. A very important factor is the 
presence of the nonmagnetic insert 13 (cf. Fig. 1), The 
absence of this insert causes a noticeable reduction in 
the extracted current and deteriorates the focusing, In 
the working model the diameter of the insert is 10 mm. 
Some increase in current is achieved if the diameter of 
the insert is increased to 20 mm, 

The current at the output of the injector, as a func- 
tion of discharge current, is shown in Fig. 4, For any 
magnetic field configuration the contraction falls off as 
the discharge current is increased, i.e, with an increase 
in charge concentration, (In a discussion of the relaxa- 
tion length of a Maxwellian distribution, I. Langmuir [3] 
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Fig. 3. The current extracted from the 
source as a function of the diameter of 
the emission aperture, 
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has shown that with an increase in electron concentration 
causes a reduction in mean free path, Since the magnetic 
field is effective over the mean free path length, the 
effect of the field is reduced as the concentration is in- 
creased.) In Fig. 5 we show the source mounted on the 
accelerator. 

The parameters which characterize the operation of 
the source are as follows: 


Filament voltage, v 7,8 
Filament voltage, amp 6,4 
Arc voltage, v 90-120 
Are current, amp 30 
Magnetic field in the gap, gauss 1000 
Gas pressure in the discharge 

chamber, mm Hg Tepe.” 
Gas consumption 150 
Proton component of the extracted 

current, percent, 79 


Fig. 4. The extracted current as a function of 
nes -5 = 
are current, (PH, = 12°10 mm Hg; Uae) kv; 


imag !+! amp). 


Fig. 5. The source mounted on the accelerator 
tube. 
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The percentage proton composition of the beam 
which passes through the linear accelerator in the absence 
of resonator excitation is measured by means of a sectored 
magnet (deflection angle, 75°). 

The useful diameter of the 600-kv accelerator is 350 mm 
while the length is 1670 mm, The tube has 70 irises and 
every other iris has an anticorona ring which is connec- 
ted to an appropriate tap on a voltage divider. The divider 
is a vinyl plastic tube 8 mm in diameter with uniformly 
distributed taps, along which distilled water flows (this 
water is also used for cooling the source), 

The source is mounted directly on the input flange 
of the accelerator. The extraction and focusing electrodes 
are located inside the accelerator tube and the power 
supply leads are introduced through the first anticorona 
rings. 

The arrangement of the extraction and focusing elec- 
trodes in the source and accelerator and the power supply 
system are shown on Fig. 6. A TRVV pulse transformer 
is used to apply a pulse to the accelerator tube, The 
amplitude of this pulse is 600 kv and its length is ap- 
proximately 300 usec, A special system is used to main- 
tain the voltage of the flat part of the pulse with an ac- 
curacy of better than 0.5%, The transformer load is the 
divider D (R=430 kiloohm) part of which is used to de- 
rive the 50-kv extraction voltage, The resistance of the 
accelerator tube divider is approximately 5-10° ohm. 

The voltage to the focusing electrode is taken from a 
high-voltage power supply PF which is located on the 
source insulating column, In order tofocus the beam, at 
the output of the tube (1 m from the output iris) we apply 
a focusing voltage of 3 kv with respect to the source. This 
voltage determines the energy spread of the beam at 

the output due to ion generation in the extraction region. 
The energy spread in the beam at the output is less than 
0.5%, 

The beam is monitored visually at the output of the 
tube by means of the radiation from a quartz shield. The 


Fig, 6, Diagram showing the arrangement and power 
supplies for the extraction electrode (1) and the 
focusing electrode (2), 


ion current is measured with a Faraday cylinder; a coil 
which provides a field of approximately 500 oe at the 
axis of the cylinder is mounted on the Faraday cylinder i 
in order to protect it from secondary electrons. 

The angular divergence of the beam at the input to 
the linear accelerator is estimated to be'3-10°*, The dia- op 
meter of the spot at the input to the linear accelerator 
(a distance of approximately 6 m from the output of the 
tube) is 8-10 mm, With a beam focused, at a distance Gy 
of approximately 1 m from the output of the tube the 


spot diameter is approximately 2 mm, 
In conclusion the authors wish to take this opportunity 


to thank M. S, Vasil’ev and V. V. Slesarev for taking 
part in this work, 
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In [1] attention has been directed to the fact that 
the data available in the literature concerning the mean 
number of neutrons V in spontaneous fission of ue te 
+0.1 [1], 2.264 0.16[2]) and for photofission of U"* by Y 
rays from bremsstrahlung with a maximum energy Ej, = 
=9.9 Mev (1.6540.5 [3]) are not in agreement with a 
linear dependence of V on the excitation energy of the 
fissioning nucleus E, [4]. The values given for v in photo- 
fission of U?** indicate that all neutrons are released in 
one fission event: 

6 (Y; 2n 
since the energy E,,, ,=5.5 Mev is smaller than the re- 
action threshold for U 238, (y,n). A similar value of V for 
Th? 73,1520.5 (Emax=6.8 Mev), can be obtained from 
[3]. Other information on the number of prompt neutrons 
in photofission is not available in the published literature. 

In the present note we report on measurements of 
the mean number of prompt neutrons Vv, emitted in one 
Ue a event oe and Th”? by y tays from the re- 
action F' (p, ay) O*, The reaction is realized by irradia- 
ting a CaF, crystal with 2.6-Mev protons, The y -ray 


o(Y. 7) 
(yf 


n= v-- 


Values of v in photofission of U?*8 and Th?” 


spectrum for the Fo 4 P, ay)o* reaction [5] consists of 
three lines: 6,13, 6.9,and 7,1 Mev. The proton energy 
for the last two lines is 3,2 times greater than the com- 
ponent at 6,13 Mey. The admixture of y rays with an 
energy of 12 Mev for the ae (Psy) Ne” reaction is less 
0.2%, The mean energy of the y rays causing fission of 
u?8 and Th”? is approximately 6.7 Mev. The measure- 
ments were carried out with a van de Graaff generator. 

The accelerator target and the fission chamber are 
surrounded by 12 B'°F, counters in paraffin which serve 
as neutron detectors. The pulses due to fission neutrons 
selected by means of a coincidence circuit with a resolu- 
tion time of T#2+10 “sec. The method of making these 
measurements is well known and has been described in 
detail in [6]. Accidental coincidences, which amount to 
approximately 70% of the recorded coincidences, are 
eliminated by measurement of the resolution time T. 
The spread T is less than 1% for the entire measurement 
time. 

The number of neutrons recorded for one photofission 
event in U8 and Th” is compared ae the correspond- 
ing quantity for spontaneous fission of Pu” for which the 
value of V9 (accuracy of 2%) is 2.26+0.05 [7]. Thus the 


U238 Th232 
E 1D pe eso a 
Ref, max ’ xs * “es 
wer | wer} o> fm |. | 4 | agar |G 
[3] Ae) Dye) 1,65-+40,5 0 1,65=-0,5 = — —- 
6,8 9,9 4,3 +0,5 4,15 3, 1o5-0,7 3,15-40,5 0 3,19-+-0,5 
8,6 6,6 ae — — 4,5+0,5 a 0,85+1, 0 
NO) 3} Ces ¥,9+0,9 Digi) 4,50+1,6 | 8,0-+40,5 6,20 7 +16 
[9] | 8 6,3 TOM | (fel 93,a--0), 75 4,65 2,00 2,65-+0 5 
9 6,8 6,92 Pec3) 4,4+1,0 6,00 4,35 2,0 -+1, 1 
10 7,0 leo 3, 20 4,0+1,3 8,60 Hee 2,99-41,4 
11 8,2 7,47 4 3,5-+1,6 11,4 7,0 4.4 +1,8 


*Error 40%. 
* * Error 290%. 
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ratio V/V, is measured directly in the experiment, The 
measured results are modified by certain corrections 

(< 2%)for variation in detection efficiency for prompt 
neutrons in fission of the materials being studied and 
neutrons from spontaneous fission of Pu”, This difference 
arises as a consequency of the angular anisotropy of the 
fragments in photofission and the correlation between 

the prompt neutrons and the fragments. After corrections 
are introduced, the experimental values of the ratio U/ 
/V 9 are 1.86+0.09 for uranium and 1,420.09 for thorium. 
Using the value of Vy given above we find y=4.24 0.2 
and V-pp)=3.2t 0.2, 

Starting with the data on V for fission in the neigh- 
boring nuclei U™® and Th?*’, produced with the same 
excitation energy in neutron irradiation, and the small 
variation in V in going from one isotope to another [8], 
one would expect substantially smaller values of V and 
approximately 2.7 for U8 and approximately 2,2 for 
Thee, Large values are obtained for V if we exclude the 
fraction of (y,n) neutrons from the total neutron yield 
measured in [9]. The earlier data reported in [3] are not 
in agreement with the results reported in [9]. In the table 
we show values of V computed from the neutron yield n 
[3, 9] and the energy dependence o(y n)/oy ; f) [10], 
according to Eq. (1) (for E,4,, <11 Mev, only the reac- 
tions (y ,f) and (7 »n). are possible.) 

The excitation energy of the fragments and the num- 
ber of neutrons emitted in fission are determined by the 
deformation of the fissioning nucleus at rupture, From 
the results of the present note and the data of [9] it 
would appear that in photofission of Th” and U”™ the 
fragment deformation is greater than in neutron-induced 
fission. 

The althors wish to thank A. I. Leipunskii and I. I. 
Bondarenko for their interest in this work, L. S. Kutsaev 
for help in setting up the experiment, N. E. Tokmantsev 


and Yu. I, Baranov for help in the measurements, and 
V. A. Romanov for helpful cooperation. 
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ELECTRON ACCELERATION IN A TRAVELING-WAVE 
CYCLICAL WAVEGUIDE ACCELERATOR 
A. A. Vorob'ev, A. N. Didenko, and E, S. Kovalenko 


Translated from Atomnaya Energiya, Vol. 8, No. 5, pp. 459- 461, 


May, 1960 
Original article submitted March 9, 1959 


In [1] a proposal has been made that a closed curved 
waveguide, inside of which electromagnetic waves of the 
appropriate type are excited, be used as a cyclical accel- 
erator. In the figure we show such a waveguide; an elec- 
tric field with a nonzero y component propagates inside 
the waveguide. The waveguide is loaded in such a way 
that close to the mean radius the phase velocity Vph = c. 

Because the field configuration can be controlled it 
is of interest to explore the possibility of controlling the 
trajectory of particles by the field produced by the wave 
itself, 

The propagation of a wave in a curved waveguide 
which is infinite in the axial direction has been studied 
in [2], At the present time there is available an approxi- 
mate dispersion equation for sychronous waves of the 
LEmn type for a waveguide which is bounded in the z 
direction: 


(1) 


k is the wave number; m is the number of field periods 
along the z direction; k gy is the azimuthal propagation 
constant, 

Equation (1) applies when loury|> 1 and when the 
curvature of the waveguide is small, From the analogous 
equation for an straight waveguide [3] we see that Eq. 

(1) differs by the presence of the second term in the 
right-hand side, which determines the effect of the bend 
on the dispersion properties of the system, 

Equation (1) indicates that : 

1) The bend in the waveguide reduces the phase 
velocity of synchronous waves; 

2) The effect of a bend on the dispersion properties 
of a bounded system for v,=c is very much greater than 
for a waveguide which is infinite in the z direction, This 
last result follows from the fact that there is a change in 
the field structure in the radial direction in the bounded 
waveguide, Actually, the point ~~0 in a bounded wave- 
guide, as far as the field distribution along r is concerned, 
is equivalent to the mode Vph=¢ in an unbounded wave- 


392 


guide, Calculations show that the effect of curvature is 
the same at these points in both waveguides. 

Equation (1) establishes a relation for the waveguide 
dimensions but does not allow us to determine these di- 
mensions uniquely, The final choice of waveguide dimen- 
sions is carried out on the basis of eliminating spurious 
modes; this choice involves the calculation of the cut- 
off frequencies for these modes, The greatest difficulty 
is found for the calculation of the TM mode,which can- 
not be carried out in the zeroth approximation, This 
eliminates the possibility of calculations for these modes 
when there are small bends, However, for small curvature 
we can use the results for a straight waveguide, The fol- 
lowing formula applies for the critical wavelength for 
the TM 2n+1) mode [3]: 
2a (b—d) 


}. mee mn te 


cr k y2, 
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where y_, is the nth root of the equation 
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Equations (2) and (3) are obtained taking account of all 
spatial harmonics, In addition to Eq. (1), when Vph=C, 
the condition M>AG imposes a second limitation on the 
dimensions of the waveguide, 

The optimum coupling impedence gives the third 
condition for choosing the waveguide dimensions, Cal- 
culations show that the coupling impedence depends 
strongly on b—d; as b—d increases, the coupling impe- 
dence is reduced from thousands of ohms to tens of ohms, 

It has been shown that for waveguide dimensions 
used in practice we can obtain propagation of the funda- 
mental mode with Vph=e in the region of the mean radius 
with no spurious modes and with a coupling impedence of 
several hundred ohms, 

In contrast with the usual synchrotron, the high- 
frequency field of a waveguide accelerator is highly 
inhomogeneous in the radial and axial directions and has 
components which depend in complicated fashion on r 
and z, The appearance of additional wave components 


leads to an oscillation frequency which obeys the condi- 
tion: 


Or + OF + 0% = const. (4) 


Thus, there is only a redistribution of the oscilla- 
tion frequencies, The changes in w, and w_ are usually 
small, Furthermore, any variations of the high-frequency 
fields do not lead to a change in any of the oscillation 
damping factors. This result verifies the conclusion [4] 
that the sum of damping factors is a constant; this result 
can be understood on the basis of the following simple 
considerations, If we neglect the increase in energy and 
radiation, in the coordinate system which rotates with 
the angular velocity of the wave the particle Hamiltonian 
is independent of time. It thus follows that the character- 
istic equation does not contain odd powers of the charac- 
teristic number [5]; thus, no damping is introduced by the 
wave field, This conclusion is not changed if one takes 
account of the radiation and increase in electron energy. 

It then follows that the motion of particles in a 
waveguide cyclical accelerator is similar to that. of 
particles in a synchotron, and that the complicated field 
configuration does not interfere with the normal opera- 
tion of the accelerator. 

We may note that in the analysis of particle dynam- 
ics in accelerators with a resonator, the resonator field 
is "spread" over the entire azimuthal range; this is equi- 
valent to replacing the accelerating slit by a traveling 
wave. It is assumed that the high-frequency field has 
only anEy component and that this component falls off 
in the radial direction as 1/r. Whence it follows that 
these results are valid for synchotrons in which the high- 
frequency field depends on r and z in arbitrary fashion, 

In order to avoid shielding of the guiding field, the 
waveguide must be fabricated from separate sections 
which are coupled to each other only at high frequencies, 


Section of a cyclical waveguide. 


For this purpose the thickness of the walls of the sections 
must be kept at a minimum, The mechanical strength 
can be increased if each section is placed in a dielectric 
shell, 

In [6] a proposal has been made for acceleration 
with control of particle trajectories in a bent waveguide 
in a traveling-wave field. In this case the condition of 
stability reduces to the following inequalities: 
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II is the z component of the magnetic Hertz vector, ¥ 

is the scalar potential of the field. The inequalities n<0 
and n,>0 are satisfied simultaneously if k?,<0. This means 
that the stability conditions are met only for an iris-load- 
ed waveguide with irises in the plane z=const, 

We may note that in a bent waveguide the transi- 
tion to a coordinate system which moves with the wave 
means transition to a noninertial coordinate system; 
the field in this system is static but it cannot be described 
by Laplace's equation. Hence, Earnshaw's theorem, which 
describes instability ina straight waveguide, does not 
apply to a bent waveguide and it is possible to satisfy 
all the relations in (5). 

The use of bent waveguides in cyclical accelerators 
is of interest first from the point of view of solving a 
number of technical difficulties which arise in the design 
of high-energy cyclical electronic accelerators ,and second 
from the point of view of building cyclical accelerators 
in which the waveguide field performs the guiding and 
accelerating functions simultaneously. 
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USE OF SCINTILLATION COUNTERS IN GAMMASCOPY 


V. E. Nesterov 


Translated from Atomnaya Energiya, Vol. 8, No. 5, pp. 461-463, 


May, 1960 
Original article submitted February 13, 1959 


The gammascopic method for field measurements 
of soil and ground densities is of great interest for con- 
struction and geology engineering, for reclamation and 
soil research, because it makes possible the immediate 
obtainment of the results, and the taking of several mea- 
surements in the same place without a disturbance of 
the medium. 

The law of attenuation of a parallel beam of y rays 
lies at the basis of the gammascopic method: 


i] = GO Bind. 


where Ip and I are the y-radiation intensities without 
and with absorber, respectively; p is the density of the 
medium; x is the thickness of the layer crossed by the 
beam; /! is the mass attenuation coefficient for y rays. 

The mass coefficients for grounds and soils of various 
types coincide with each other rather precisely when 
Co® and Cs are used, because soils and grounds con- 
sist mainly of light chemical elements, The only excep- 
tion is water, whose mass coefficient is 11% higher than 
that of soils and grounds, due to the presence of hydro- 
gen. 

Knowing /!, x,and measurements Ip and I, it is possi- 
ble to determine the absolute value of the medium densi- 
ty: 

—_InIg~InT 
pa 


The most important measurements of soil and ground 
densities are those made in the field. Under these 
conditions the customary procedure consists in boring 
two parallel holes: one receives a y -ray source at a cer- 
tain depth, whereas the other receives at the same depth 
the detector, and then the radiation intensity is measured, 
However, in this case, there arise some difficulties due 
to the fact that it is impossible to obtain precise geome- 
trical conditions since in the practice of soil research 
holes of a small diameter are used, and it is impossible 
to avoid the recording of scattered radiation by collima- 
ting and diaphragming the beam. In this case, it is im- 
possible to use the theoretical values of the mass attenua- 
tion coefficient, The scattered radiation is usually taken 
into account by introducing an effective attenuation co- 
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efficient, whose value depends upon the actual conditions 
of gammascopy: thickness and depth of the irradiated 
layer, medium density, sizes of the counters, etc. There- 
fore, the effective attenuation coefficient must be deter- 
mined experimentally by means of a preliminary calibra- 
tion [1-3]. However, the need for such a calibration re- 
duces the value of the method, because the possibility 

for the conditions not to be the same upon calibration 
and actual measurements introduces a serious cause of 
error, 

The difficulty mentioned above can be overcome 
if a scintillation counter is used for the detection of y 
quanta, with an amplitude discriminator in series to it, 
Since multiply scattered y quanta have an energy appreci- 
ably lower than that of nonscattered y quanta, one can 
find such a discrimination threshold that the scattered 
radiation will not be recorded, This method for suppress- 
ing the effect of scattered radiation on gammascopic 
measurements was tested experimentally, taking the 
attenuation curves of Co radiation in water with various 
discrimination thresholds, As the discrimination threshold 
increased, the value of the effective attenuation coeff- 
icient changed from 0,038 cm™! to 0.063 cm‘, i. e., 
approached gradually the theoretical value, Recording 
of y radiation in the same conditions by means of a 
Geiger counter gave an effective attenuation coefficient 
equal to 0,039 cm7}, 

After this testing of the method, an experimental 
field-scintillation-counter was constructed; in it a photo- 
multiplier FEU-35 with an Nal (T1) monocrystal was 
mounted in a case having a diameter of 44 mm together 
with a divider and an emitter-repeater using the transis- 
tor Pll, The conversion block of the TPRP radiometer 
[4] was used as a numerator, with some modifications in 


“It must be noted that the measurement of the density 

of a pulp or of a liquid in pipe is a much simpler problem 
since, first, the geometry does not change during the pro- 
cess of measurement, second, the calibration can be 
carried out in the same geometric conditions as the meas- 
urements, third, compensation schemes can be used, and, 
consequently, one can use devices operating according 

to the principle of pulse integration, 


Field tests of the gammascopic method of ground 
measurement, 


Density, g/cm 


Intermediate 


argillaceous soil 


Cutting 
cylinders 


Gamma- 
scopy 


Cutting 
cylinders 


Lower peat 


Gamma- 


scopy 


1,63-40,04 
1,76-4.0,04 
1,87-+0,04 
187-40, 01 
1, 87-+0,01 
1,88-40,01 


1,41-£0,02 
1,740, 01 
1,86-40,01 
1,89-£0,02 
1,90-40,04 
1,95-40,03 


1,3440,05 
1,23-£0,01 
1,07-40,01 
1,07-40,01 
1,14-40,01 
1,15-£0,02 
1,26-L0,02 


1, 340,04 
1,42-40,02 
|,08-40,03 
1,11-£0,03 
1,09-40,04 
1,19-40,01 
|, 29-40, 02 


Note. On sandy ballast, the density measured by 
cutting cylinders at a depth of 10 cm, was equal to 
179520201, g/cm?, that measured by the gamma- 


scopic method was 1.97+0.01 g/cm’, 


the circuit, A crystal diode was used as an integral dis- 
criminator, Field tests of the scintillation apparatus for 
the measurement of ground density (Fig. 1) were carried 
out on various soils and grounds and gave satisfactory 
results (table, Fig. 2). 

The best agreement was obtained from aluminous 
brown earth, where gammascopy was carried out on ten 
lines, and in the determination of the density with a 
Kachinskii perforator of the volume of 200 cm? 34 se- 
parate measurements were made, With other soils and 
grounds the number of repeated determinations was 
significantly lower. 

It was not possible to measure the density of argilla- 
ceous brown earth by cutting sylinders at a depth of 
more than 65 cm, due to the high density of the soil. 
The disagreements between the values of the density of 
argillaceous soil at a depth of 10 cm and the density of 
the peat at a depth of 12 cm was due to the presence of 
fractures in the first case and of rocksin the second, 
and this led to an increase of the density of the argil- 
laceous soil and to a decrease of the density of peat 
when measured with cutting cylinders. The calibration 
of the apparatus consisted in finding the correspondence 
between the discrimination level for a given voltage on 
the photomultiplier and the effective attenuation co- 
efficient, 

In calculating the densities the difference between 
the attenuation coefficients of soil and water was not 
taken into account, It can be shown that such a simplifi- 
cation leads to an increase of the density by 1/10 of the 
volume moisture, which is 1.5% for a density of 2.0 g/ 
/cm? and a moisture of 30%, In accurate density meas- 
urements one must take into account the water content 
of the soil. One must know the amount of moisture also 


in order to determine the weight by volume of the solid 
phase, However, when gammascopy is combined with 

a thermostatic-weight method, of moisture measure- 
ments, one of the advantages of gammascopy is lost, 
namely its operativeness. The combination of gamma- 
scopy with a mesurement of the volume moisture by the 
neutron method, using the same holes, looks more pro- 
mising. 

Thus, the use of scintillation counters permits us to 
carry out absolute measurements of soil and ground densi- 
ties in field conditions, and may be useful for other appli- 
cations of the gammascopic method. 

The author is grateful to V. A. Emel'yanov for his 
discussion of the results, to E. G. Petrov for his valuable 
advice, and to V. L. Volodarskii for his help in the con- 
struction of the apparatus and in the measurements. 

Note added in proof, In 1959, when this letter had 
already been submitted for publication, a communication 


Fig. 1, Field scintillation counting apparatus 
on transistors. 
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Fig. 2, Density of argillaceous brown earth. 
Method of measurement: X gammascopic 
method; O, cutting cylinders. 
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concerning a similar investigation carried out in the 2. 
USA (C, Van Bavel, Soil Sci, 87, 50 [1959]) was publish- 

ed: however, this communication does not include data 
regarding comparisons of the gammascopic method with 

any other method, 3. 
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News of Science and Technology 


ATOMIC ENERGY AT THE SOVIET EXPOSITION 


IN HAVANA 
L. Kimel' and V. Tsutkov 


The National Museum of Fine Arts in Havana, 
Cuba was host in February 1960 to the Soviet Exposi- 
tion on Science, Culture, and Industry. 

On the behest of the Soviet Government, the First 
Vice-Chairman of the USSR Council of Ministers, A. I. 
Mikoyan, was on hand to inaugurate the exposition. 

Residents of the Cuban capital manifested a tremen- 
dous interest in the Soviet Exposition, 40-50 thousand 
persons showing up as visitors each day. 

There was always a large number of visitors grouped 
around the stands and exhibits of the "Atomic Energy 
for Peace” section. 

Particularly great success and favor was enjoyed by 
a model of the atomic icebreaker "Lenin", a model of 
the world's first functioning atomic electric power gene- 
rating station, a model of a heavy water research reac- 
tor, stands on which various reactor types designed for 
atomic electric power stations now in construction in 
the USSR were displayed, and a model of the ALPHA 
thermonuclear experimental facility. b 

Devices illustrating the applications of isotopes in 
industry (radioactive counter- monitor, wall- thickness 


meter, a meter for measuring the thickness of lead 
jacketing, a rolling-thickness gauge) were also exhibited 
in the atomic section; the model illustrated the principle 
behind the use of isotopes in oil-well borehole logging, 
while other exhibits dealt with blast-furnace applica- 
tions, gamma-ray nondestructive testing, etc. 


Also demonstrated at the Exposition were: a model 
of the 10-Bev proton synchrotron, one of a cyclotron, 
and another of an electrostatic generator. 


All the Cuban visitors to the Exposition reached 
the unanimous conclusion that atomic energy should be 
solely in the service of the cause of peace. From the 
example set by the Soviet Union, they see that the 
peaceful uses of atomic energy will bring great benefits 
to mankind. Cubans expressed this opinion in conversa- 
tions, in innumerable remarks left in the guest ledger, 
and in their newspapers. All of the newspapers gave a 
glowing account of the Soviet Exposition, 


The Exposition of Science, Culture, and Industry 
aided in getting the Cuban people to know the Soviet 
Union better. 


At the Soviet Exposition in Havana 
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At the Soviet Exposition in Havana 


ATOMIC ENERGY AT THE ALL-CHINA EXPOSITION 
ON INDUSTRY AND MEANS OF COMMUNICATION 


Sheng Ch'ung-p'o 


At the All-China Exposition on Industry and Means 
of Communication held in Peking, work accomplished 
in the Chinese Peoples Republic on uses of atomic energy 
was given wide publicity. The four principal trends in 
atomic industry were represented, viz.: reactor design, 
accelerators, applications of radioactive isotopes, and 
instrumentation, 

The first area of activity was represented by a 
plastic lighted model of a heavy water research reactor 
with laboratory caves and accessory units, “This reactor 
was built in the (Chinese) Institute of Atomic Energy 
with the assistance of the USSR. The reactor was started 
up in July,1958. At the present time, Chinese specialists 
are using this reactor for a broad variety of experiments. 
Many radioactive isotopes, e.g., Co”, ino Fe-’, are 
being produced in the reactor. 


Accelerator engineering was represented by several 
mockups of accelerator machines; the first Chinese cyclo- 
tron, now in operation here in Peking, built with the aid 
of the Soviet Union and commissioned in July 1958; 
models of an electrostatic generator, an electron induc- 
tion accelerator, and a high-voltage generator model. 

Applications of radioactive isotopes to the Chinese 
national economy was the best represented field of acti- 
vity at the Exposition, Significant successes have been 
registered in recent years in this field, Radioisotopes, 
Gory -emitting sources in particular, began to find 
applications in many projects in industry, agriculture, 
and medicine, Many industrial outfits are using isotopes 
for flaw detection and inspection, determination of wear 
on blast-furnace hearths and walls, as well as in the 
lumber and mining industries. It was shown that grains 
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exposed to gamma-irradiation or immersed in solutions 


of some radioactive isotopes show improvement and fast- 
er growth, with greater crop yield. Methods for preserva- 


tion and storage of agricultural and food products by 
radiation treatment to kill harmful pests and bacteria 
were also described. 

China's doctors are putting isotopes to widespread 
use. A cobalt gun used in cancer therapy, and designed 
in China, was demonstrated in one exhibit, and an ac- 
count was given of work on applications of the 1'3! iso- 
tope in the diagnosis and treatment of hypertonicity, 
and of the isotope P™ in the diagnosis of breast cancer 
and therapy of skin ailments. 


Nucleonics instrumentation were given good publicity. 
Production of many nuclear instruments has been in full 
swing for several years in China, On exhibit were a good 
representation of counters and radiation detectors used 
in industry, agriculture, medicine, and geology, as well 
as various instruments for quality control of production 
processes (liquid-level indicators, neutron soil- moisture 
meters, devices for counting bottles and cans, etc.). 

The Exposition showed that the Chinese Peoples 
Republic, in its ten years since liberation, has achieved 
great successes in the peaceful utilization of atomic 
energy. 


MEASUREMENT OF MAGNETIC MOMENT OF Li8 


The capture of polarized thermal neutrons by nuc- 
clei leads in some cases to the polarization of the nuc- 
lei involved in capturing the neutrons. If these nuclei 


then decay to emit 8 particles, the latter emerge asym- 


metrically with respect to the direction of polarization 
of the nuclei [1, 2]. By depolarizing the resulting B- 


active nuclei via the nuclear magnetic resonance method 


and observing the disappearance of B-radiation asym- 
metry, the nuclear g-factors may be measured. This 


technique also makes it possible to measure the magnetic 


moments of several short-lived nuclides, 
The first report to appear on the use of some such 
technique turned up recencly [3]. The experimental 


Experimental arrangement; 0,.direction of po- 
larization of the neutrons; P,.direction of flight 
of neutrons; 1) beam of polarized neutrons; 2) 
beta counter No. 1; 3) beta counter No. 2. 
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arrangement may be seen from the accompanying dia- 
gram. A beam of polarized neutrons is allowed to strike 
the Li’F crystal. The Li® forming in response to neutron 
capture emits beta particles with half life 0.8 sec.. These 
particles are recorded by two plastic scintillation counters, 
Due to the asymmetry of 8 decay, counter No. 2 picked 
up 10% more B particles than counter No, 1. 

A static magnetic field of intensity Hjp= 541811 oe 
was impressed on the crystal, A coil was used to super- 
pose a pulsed magnetic field 2H, with frequency varied 
over a wide range, at right angles to the field Hp. 

When the field frequencey coincides with the Larmor 
precessional frequency of the magnetic moments of the 
Li® nuclei in the Ho field, these nuclei become depolar- 
ized, and the asymmetry of 8 decay disappears, It is 
interesting to note that, under the conditions of this 
experiment, only 20,000 Li® nuclei are present in the 
crystal at any given instant. 

The Larmor frequency of precession was 341341 kc, 
from which we find the g-factor for Li® to be 0.82654 
0.0004 po /h (where flo is the nuclear magneton). Since 
the spin of Li® is 2 (cf. [4]), the magnetic moment will 
be 1.6534 0,008 flo. 

The empirically measured value is found to be in 
agreement with the intermediate-coupling model [5]. 
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NEW LITERATURE 


THEY BUILT THE ATOMIC ICEBREAKER 

The world's first atomic-powered icebreaker, the 
Soviet ship "Lenin," was recently put into service. Any- 
one interested in reading a detailed account of the de- 
signers and builders of the nuclear-propelled ship, and 
of the tests it underwent, may avail himself of the brief 
popular-style book ["How the Atomic Icebreaker ' Lenin' 
Was Built"]*. 

The value of the book is that it is "hot news" deal- 
ing with the process of building the vessel, fresh from 
those participating in the venture . 

The authors tell about the reason behind the Soviet 
Union's decision to build the nuclear icebreaker, the 
purposes it is to serve, and compare it with the conven- 
tional icebreaker. 

The nuclear ship has a virtually unlimited sailing 
range. In a single run, it can cover from the Arctic tothe 
shores of Antarctica. 

The workers at the Admiralty plant in Leningrad, 
where the ship was built and launched, had quite a bit 
of experience behind them in the building of ships of 
different types. However, the job of building an ice- 
breaker with nuclear propulsion units entailed the solu- 
tion of complicated engineering problems, and required 
improved technology and new labor techniques, The 
authors of the book describe the difficulties confronting 
the shipbuilders, and point out how those bugs were 
ironed out. 

The layout of the ship's hull involved the use of the 
new photooptical method. For the first time in the prac- 
tice of Soviet shipbuilding, a spherical wooden turn- 
table was used to launch the icebreaker hull, resulting 
in savings of over a million rubles. 

The authors of the brochure tell of the ship's super- 
structure, the arrangement of the crew compartments 
and living quarters, the performance and design of the 
nuclear propulsion unit. 

However, the lion's share of the attention in the 
booklet is given to the people involved, the ones who 
built the ship. The enthusiasm of the shipbuilding workers 
is described, an account is given of the life of the work- 
force engaged in constructing the prototype of the Soviet 
nuclear-powered icebreaker fleet, of the contribution 
which was made to the task of building the ship by some 

work team or some individual specialist. 


L. D. Chernous'ko 
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